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2. The susceptibility of a bacterium to bacteriophage infection is primarily dependent on 
whether the bacteriophage is able to attach to specific bacteriophage receptors on the 
bacterial cell surface or not. This requires interaction of the bacteriophage tail fibers or 
tail spikes with specific attachment sites on the bacterial cell surface. Bacteriophage tail 
fibers or tail spikes are phage proteins attached to the phage tail, either through baseplate 
in tailed bacteriophages with contractile tails, or directly to the vertices in the phage head 
in bacteriophages without tail. Bacteriophage tail proteins recognize specific receptors 
on the bacterial surface, thereby conferring specificity of bacterial host cell recognition. 
Bacteriophage receptors are found within practically all structural components found on 
the host cell surface, e.g., surface proteins, lipopolysaccharide, peptidoglycan, teichoic 
acids, components of the cytoplasmic membrane, distinct structures like flagella or pili, 
and additional layers like capsules or slime layers. A review summarizing the knowledge 
about phage receptors on the bacterial surface, including also knowledge about the tail 
fibers and tail spikes on the bacteriophage side, was published in 1973 (Lindberg, 
Bacteriophage receptors, Ann. Rev. Microbiol. 27, 205-241). The skilled artisan being a 
microbiologist is well aware of the fact that endotoxin is a component of the bacterial 
surface, particularly lipopolysaccharide. Hence, for the above-captioned invention, only 
bacteriophage tail proteins that bind to bacterial lipopolysaccharide are of interest 
because bacterial lipopolysaccharide equates with endotoxin, which is of medical 
significance. Furthermore, said skilled artisan knows from the Lindberg review, that the 
specific bacteriophage tail protein he has to use depends on the nature of the endotoxin he 
wants to remove or detect. He also knows, inter alia from the Lindberg Review, that 
bacteriophage tail proteins that bind to the lipopolysaccharide core region are likely to 
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have a somewhat broader specificity than others binding to the O-antigen, as the core 
structure is more conserved between related bacterial species. The above mentioned 
review, for example, provides a wealth of information for several bacteriophage tail 
proteins binding to different lipopolysaccharide substructures from different bacteria. 

3. At the time of the invention, several examples of lipopolysaccharide binding 
bacteriophage tail proteins were known, which were studied in more detail. For example, 
an extensively studied role model in bacteriophage infection which is known to the 
skilled artisan as mentioned above is E. coli infection by bacteriophage T4. It is known 
that T4 has 6 long, as well as 6 short, tail fibers involved in bacterial recognition. 
Whereas the long tail fibers are composed of the three proteins p34, p35, and p37, and 
recognize OmpC or lipopolysaccharide as bacterial receptor, the short tail fibers are only 
composed from protein pi 2. The short tail fiber, namely the pi 2 protein of T4, was 
described in a paper by Mason & Haselkorn in 1972 (J. Mol. Biol. 66, 445-469), and 
further characterized in the work of Makhov et al. in 1993 (Virology 194, 117-127). 
Makhov et al. also mention that the N-terminal part of pl2 binds to the bacteriophage 
baseplate, whereas the C-terminal part binds to the LPS core. Having knowledge about 
the pl2 protein of bacteriophage T4, said person skilled was able to find other pi 2-like 
bacteriophage tail proteins which were likely to have similar function, i. e. endotoxin 
binding, but somewhat other specificities, i.e. binding to different endotoxins from other 
bacterial species. From the knowledge about T4pl2, the person skilled in the art was able 
to find additional examples for pl2-similar proteins. The respective literature is 
summarized in the next paragraph. 
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From the work of Riede (Mol. Gen. Genet. 206, 110-115, 1987) it is known that short tail 
fibers do not contribute much to host specificity, can be exchanged between several T- 
even bacteriophages, and bind to the LPS core. This work also reported cloning of the 
short tail fibers, namely, the gene 12 products (this is used as a synonym as shown in the 
title) of the bacteriophages T2, K3 and K3hx, providing further examples of pl2 proteins 
similar in function and structure to T4pl2. Tetart et al. described a number of 
phylogenetically-related T4-like phages before the priority date (J. Bact. 183, 358-366, 
2001), and asserted that the homology especially arises in structural proteins like the 
phage tail proteins. Examples mentioned are the T-even phages (T4, T6, K.C69 Tula, 
and RB69), the pseudoT-even phages (AR1, SV14, RB49, RB42, RB43, 42, 44RR) and 
the schizoT-even phages (nt-1, KVP20, KVP40, 65, and Aehl). Additional examples of 
phage tail proteins from the phages Felix 0-1 (FO), 6SR, and Br2 binding to structures of 
the LPS core were provided by Lindberg et al. in 1970 (Bacteriophage attachment to the 
somatic antigen of Salmonella: Effect of O-specific structures in leaky R mutants and S, 
Tl hybrids, Infect. & Imm. 1, 88-97]). The aforementioned Lindberg review of 1973 
discusses the tailed bacteriophages T3, T4, T7, Felix O-l, C21, and the tail-less phages 
6SR, Br2 from the 0X174 group as binding in the lipopolysaccharide core structure. 

4. Meanwhile, around twenty T4-like bacteriophages are sequenced completely (see 
http://phage.bioc.tulane.edu/), and provide another set of examples for suitable T4pl2- 
similar short tail fibers. The respective tail proteins are called gpl2, short tail fiber or 
tailpin. 
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5. The skilled artisan working with bacteriophages knows that the nomenclature of the 
bacteriophage tail proteins as well as the complete classification of the bacteriophages 
themselves is somewhat non-uniform, and that he might potentially find different 
technical terms for the same thing. There is a distinction between long tail fibers and 
short tail fibers, but on the other hand, there exists a division into tail fibers and tail 
spikes. The short tail fibers are sometimes also called tailspikes or tailpins. Lindberg, in 
his review, mentions on page 220 (last sentence of the first paragraph) short tail fibers, 
which he also calls tailpins. In the second and third paragraph on the same page, he 
connects the short tail fibers with the gene product of gene 12, which is conventionally 
abbreviated as gpl2 or simply pl2, when speaking of a protein. Riede (1987) uses the 
terms short tail fibers and protein 12 as synonyms. Makhov et al. (1993) connect the 
short tail-fiber of T4 also with gpl2 (gene product 12). Mason & Haselkom (1972) also 
describe the function of the product of T4 gene 12 as a short tail fiber. Considering all of 
the above mentioned literature, the person skilled in the art has a wealth of information, 
which bacteriophage tail proteins are subsummarized under the expression "pi 2 and pi 2- 
similar bacteriophage tail proteins". 

6. Even taking into account the inconsistency of nomenclature which exists in the field 
anyway, and the several connections in the literature between short tail proteins as a gene 
product of gene 12, even in older reviews like the Lindberg work of 1973 (which is a 
milestone in the field of bacteriophage receptors) a person skilled in the art (in this case a 
scientist working with bacteriophages) would nonetheless be able to know which phage 
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tail proteins he or she could use in practicing the presently claimed invention besides pl2 
protein of phage T4. 

7. I declare that all statements made herein of my own knowledge are true, and mat all 
statements of my own belief are believed to be true, and further that these statements 
were made with the knowledge that willful false statements are punishable by fine or 
imprisonment, or both, under § 1001 of title 18 of the United States Code. 



Date 
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Receptor specificity of the short tail fibres (gpl2) 
of T-even type Escherichia coli phages 

Isolde Riede* 
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Summary. Short tail fibres of T-even like phages are in- 
volved in host recognition. To determine thg_ sp_ecificity of 
the fibres, the region containing gene 12 of phages T2~ K 3, 
a nd K3hx was cloned The genes 11.12. woe, and 13. coding 
^ for the baseplate outer we d ge, shrif t tail fibres rolle r'' 
ojA^lwl -wfsbes. and a heiuLeornnktion compone nt, respectively ^ 
were localized jjiiJiis__dciriecj fragments Plasmid-eneoded 
Cfissed without helper pha ge. Efficient 



expression of gene 12 from 1 2 and K.thx made an extrac- 
tion of protein 12 possible. Hybrid phages obtaine d by in 
v ' t r°J?QjllP j cmemaL ' 0 '^ recom bi na uc^^ajysjsa n d~pro tei n 
12 binding 10 host range muiaiu~"baetcria excluded a role 

1 1 Hi )i 1 res from T2 K3 > 1 k ih c nTth « ,g , 

tion of outer "memorane p roteins. Binding patterns oT"prn~" 

f I" 1 ! Ill t pop 

ian md in hi Bit 1 ( 1 I 1 d rig ( f ir 1 , p , „ 
clonal antibody again st the cort regii L coil K12 lipo- 
itl c L ! hatlfep csiducs are_ne 

5ifr) ior frcicrit binding T-i ndi fsite o£_lhf aiiic 
nor 1 > ! 1 1 \ c < s dim ent from e ,1 , t 1 1 ji l e 
binding sue in an E'."co}i_B strain suggesting different bind- 
in ec'ifi i > [i 1 ip 12 Thus, the ability of different 
bacterial' strains to inactivate phage could be related to dif- 
ferences in the binding specificity of the short tail fibres 
for the lipopolysaccharides of these bacteria. / 

Key words: T-even type phages - Short tail fibres - Lipopo- 
Iysaccharide - Receptor recognition 



iPSj^fjhe c 



r me mbrane (Zor zopulos et al. 1982) but 



Introduction 

The attachment of bacteriophage T4 to Escherichia coli is 
mediated by two phage structures: the long tail fibres coded 
by genes (g) 34 to 37 and the short tail fibres coded by 
gl2. The /ree,,cnds of th e six long tail fibres,, consisting 
of , tne C-termjnal r£gions_of_gerc : uu d ic.t < gp)J17J.o.teract 
directly with the bacterial surface (Beckendorf) 973; Simon 
a nd Anderson 1967 ). Tiie_fina] perma le it utachi eni 0 
4 l_ 11 _ u tej nn byjhe mte 1 u t_ 
short tail fibre saatLth h sj It \ ( (S lQn.eLa] 1970) 

sufficient as a receptor for pha ge T4 the situ ujjon in eTcoTT 
K J > some y] a d I erent Il_appears that r t t\ o 
ty pes of rece ptors for T4: LPS and the ( til surface protein" 
C ipl (Goldberg 195 H nning~and lam I97< 1 nd 
MauilLutiiLiaS2J he s'hi t iij 1 res_ol f4 bine th 

" Ku 7<T;>k . 

* Present address: European Mttiwfekfegienl Laboratory, Mever- 
hofstraBe 1, D-6900 Heidelberg, Federal Republic of Germany 



the exact binding site has not yet been identified. H4jsWr.t. 
tail fibres ar e composed of a trimg ric gp!2 (Kells et al. 1975; 
Nlas on and Haselkorn 197 2) F< t gp_ > fss mb!> gp57 is 
req uired (Kells and_ jjaselkorn _1974V Tolnveltigate how 
gp!2 determines the specificity of recognition, gene 12 of 
two other phages was cloned, expressed and the gene prod- 
ucts identified. 

Phage T2 most li kcly_ usesjhjjjuler membrane_.pro.tein 
Qm p.F_as_a :vc p tor. (Ha n t ke 1 978). X-even type pha geKj 
u ses the OmpA protein as a recepto r and a host range" 
mutanlof K 3 JC Jhx^aJscujt_cjMm]ze^^ 



part oTT rrrrancock and Reeves 19 75; Riede et al . 1985b). 
The results preseniecThere sEowTHat gp12 is noMnvolved 
in the recognition of outer membrane proteins but, probab- 
ly in the case of all T-even type phages, recognizes LPS. 
In addition, the site on E. coli K 12 LPS, involved in binding 
gp12 of K3hx, wus determined. 



Materials and methods 



Bacteriophages ami bacteria. T4 amber mutants N69 (gKj, 
NI28 (g!2) and NG329 (g!3) were obtained from N. Mur- 
ray (Wilson et al. 1977); T4 am El 98 (g57) was obtained 
from W.B. Wood. Phages T2, K3 and K3hx were from 
the laboratory collection (Riede et al. 1985b, 1984). 

All phages were propagated on strain P400 or JC6650 
(Table 1), For defective lysates amber phages were grown 
on JC6256 or ¥~Z~d M15 (Table 3). 

Cloning of short tail fibre genes and DNA sequencing. Phage 
DNA was isolated and cloned as described (Riede et al. 
1984). For detecting clones with gl2 either a T4 £coRI 
fragment containing part of gll and gl2 (Wilson et al. 
1977) was labelled with 32 P-dATP by nick translation 
(Maniatis et al. 1975) and used for colony hybridization 
(Hanahan and Meselson 1980) or amber mutant N69 (T4 0t< 
g)2) was used directly for marker rescue tests on individual 
clones. All DNA manipulations were performed essentially 
as described by Maniatis el al. (1982). The enzymes were 
obtained from Boeh ringer, Mannheim. The partial se- 
quences were obtained according to the dideoxy chain ter- 
mination method (Sanger et al. 1977) directly from the plas- 
mid pUC8 (Vieira and Messing 1982). 

Subcloning ofg57 of T4. pCG57-7 (Herrmann 1982; Herr- 
mann and Wood 1981 ) was obtained from H. Schaller. The 
700 bp HindlU-EcoKl fragment containing g57 was sub- 



Table f. Strains of Escherichia coli 


Strain 


Gcnolype/piicnotype 


Reference 


P400 


F", tin 1, argE-3, proA-2, 


Skurray et al. (1 974) 




ihr, leu, mil, xyl, ara, 




galK, lacY, rpsL, non, 










P2811 


(P400) Bar 3, pyrD-34, 


Puspurs et al. (1983) 




zcb:: Tn 10-43 


P2812 


(P400) Wrml, pviD-34, 


Puspurs ct al. (1983) 




zcb::Tn 10-43 ' 


P2S13 


(P400) Bar8, pvrD-34, 


Puspurs et ai. (1983) 




zcb:: Tn 10-J3 


JC6256 




Achtman et al. (1971) 


JC6650 


lac, supF, F" 


Achtman et al. (1971) 


JC6650 ompA (JC6650) ompA 




70-6 


malT, thi, glpT, glpA, 


Hantke(1978) 




rel 1, phoA, supO, ompF 


¥~Z-AU\5 


(lac, pro) A, tin, ara, 


Ruther ct al. (1981) 




rpsL, recA, 




<j)S0 lacZA M15 




B/r 




Henning etal. (1977) 



cloned into the EcoRl site ofpACYC184 (Chang and Co- 
hen 1978). Chloramphenicol-sensitive, tetracycline-resistant 
clones were tested for in vivo complementation of El 98 
(g57). One plasmid complementing gp57 was designated 
pTU T4-57 and used for further studies. 



In vivo complementation assay. Phage genes present in re- 
combinant plasmids were identified by spot tests: 10 ul 
drops of the different T4 amber mutants were applied to 
a lawn of cells containing plasmid DNA and the. plates 
incubated at 37° C. In cases of complementation the effi- 
ciency of plating (e.o.p.) of the phage was the same as that 
on the supF host JC6650 (Table 1). 

/// vitro complementation assay. Plasmid-conlaining bacteria 
were grown on M9 minimal medium (Miller 1972) supple- 
mented with 0.1% casamino acids to 3 x 10 s cells/ml and 
concentrated ten fold in phage buffer (10 mM Tris-HCI 
pH 7.9, 10 mM NaCl, 10 mM MgCI 2 ) containing chloram- 
phenicol (200 pg/ml) to block phage propagation. A 0.5 ml 
aliquot of the bacteria was sonicated at 0° C and pelleted 
for 10 min at 4,000 g at 4° C. Then, 20 pi of the supernatant 
was incubated with 20 pi of defective phage (10 IO /ml) for 
30 min at 37° C. Complemented hybrid phages were titrated 
on strain JC6650 by spot tests. 

Defective phages, lacking gp!2, were prepared by pro- 
pagating N69 (gl2) on strain F~Z~A M15 or JC6256 on 
minimal medium as described (Mason and Haselkorn 
1972). Always about 1 wild-type phage per 10 6 defective 
non-infectious particles, was present. Gpl2 and defective 
phages were stable at 4° C for several months. 

Extraction of gpl2 of K3hx. pTU hx-3AH (Fig. 2) was 
grown in M9 minimal medium with 0.1% casamino acids 
to 0.5 x 10 s cells/ml, induced with 0.1 mM isopropyl-l-thio- 
A-D-galactopyranoside (IPTG) and grown for three genera- 
tions. After centrifugation the cells were resuspended in , 
60 mM Na,HP0 4 /NaH 2 P0 4 , pH 6.5, 10 mM Na 2 EDTA, 



pH 8.0 and sonicated at 4° C. After centrifugation at 
60,000 g far 1h the supernatant was dialysed against 
60 mM Na, HP0*/NaH,P0 4 , pH 6.5 and used for in vitro 
complementation assays. 

Antisera. To detect phage proteins on Western blots (Tow- 
bin et al. 1979), anti-K3 or -T4 serum (Schwarz et al. 1983) 
or serum against SDS-denatured phage K3 raised in rabbits 
(Henning et al. 1979) was used. Monoclonal anti-LPS anti- 
body mAb 786-D10 (IgG3) recognizing E. coli K12 LPS 
and E. coli B LPS (D. Bitter-Suermann, personal communi- 
cation) was the gift of D. Bitter-Suermann (antigenic deter- 
minant, Hex-Glc-Glc-Hep in E. coli K12; Peters etal 
1985). 

Imimmoprecipitation. Cells harbouring pTU hx-3AH 
(Fig. 2, complete g!2) and pTU hx-3AR (Fig. 2, incomplete 
g!2) were grown in M9 medium supplemented with the 
required amino acids to 3 x 10 8 cells/ml. Cells (10 ml) were 
harvested and resuspended in 1 ml minimal medium. Then, 
5 uCi C-amino acids (Amersham 57 mCi/matom C) were 
added and the cells incubated for 15 min at 37° C. After 
precipitation the cells were resuspended in 200 pi A-buffer 
(10 mM Tris, pH 8.0, 100 mM NaCl, 1.5 mM MgCl 2 ). 
After sonication and repelleting the supernatant was incu- 
bated for 1 h at 37° C with anti-K3 (native) serum. The 
precipitate was redissolved in 100 pi 4M MgCl, for 4h 
at 4° C. After repelleting the supernatant was diluted with 
900 pi A-buffer. Anti-K3 (native) antibody was added and 
after 1 h incubation at 37° C and centrifugation, the pellet 
was dissolved in sample buffer and subjected to SDS-poly- 
acrylamide gel electrophoresis. 

Gel electrophoresis and stains. Proteins were separated on 
10% SDS-polyacrylamide gels (SDS-PAGE) according to 
Laemmli (1970). LPS was separated on 14% polyacryl- 
amide gels containing 4 M urea and stained with silver (Tsai 
and Frasch 1982) or periodic acid-Schiff (PAS) (Segrest 
and Jackson 1972). 

Lipopolysaccharide. P400 and B/r LPS were a gift from 
U. Henning. P2812 LPS was purified according to Galanos 
et al. (1969). No protein contamination could be detected 
(silver stain, Coomassie stain and PAS). The isolated LPS 
exhibited the characteristic inactivation kinetics of T4 (Hen- 
ning and Jann 1979). 



Localization of the g 
ofgpU 



s on the cloned DNA and expression 



Clones containing g!2 DNA of the bacteriophages T2 and 
K3hx are shown, in Fig. 1, aligned to the restriction and 
genetic maps of phage T4. T2 and K3hx have the same 
location as that previously published for g32 of T4 (Wood 
and Revel 1976). Obviously, the restriction map of T2 and 
K3hx DNA is very similar indicating that the DNA includ- 
ing and surrounding gl2 is highly conserved. The relevant 
clones and subclones containing gl2 DNA are shown in 
Fig. 2. With these clones and subclones the precise localiza- 
tion of the genes was possible (Table 2). 

In vivo complementation indicated that gpll, gpl2, and ) 
gpl3 of K3hx and T2 complement amber mutants of T4. j 
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mRNA g9,10,n mRNA g wac,13,14,15 
'r >l 




Fig. 1. Alignment ofthe reslriction maps oftheg12 region of bacte- 
riophages T4, T2, and K3hx. The numbers in the upper line indi- 
cate the position numbers (in kb) of the map of T4 (Kultcr and 
Ruger 1984). The second line shows the genes aligned to the T4 
map. This line is a composite of the data of Kulter and Ruger 
(1984) and Wood and Revel (1976) and takes into account the 
molecular weights of the gene products. Positions of the amber 
mutants used in this communication arc indicated. The next line 
indicates the restriction sites of T4 DNA (B, BamHl; R, £coRl; 
P, Pstl; K, Kpnl; H, HindUl; Kuttcr and Ruger 1984). The bar 
represents the EcoRl fragment used to identify the T2, K.3 and 
K3hx clones. The map of T2 DNA is a composite of the maps 
of the inserts from plasmids pTU T2-6C, -5E, and -6E. pTU 
T2-6C extends further to the left of the map (indicated by the 
'dotted line). K3 DNA has exactly the same restriction sites as K3hx 
DNA (last lines) and is therefore omitted 



Thus the gene products are interchangeable between these 
phages. 

To maximize the yield of gpl2 for further experiments, 
the amount of active gpl2 produced in uninfected cells was 
assessed by in vitro complementation with defective phage 
N69 (Table 2). Complementation increased with increasing 
proximity of the lac promoter to the left-hand side of gl2 
(Fig. 2, Table 2). This finding suggests that gl2 is tran- 
scribed in the same orientation as gl 1 and gicoc. 

To test this possibility, a short DNA sequence from 
the EcoRl site in gl2 (arrow in Fig. 2) was determined. 
The sequence in the direction of the arrow has stop codons 
in all three reading frames. Thus this region must be trans- 
lated in the same orientation as the surrounding genes. 

Gp57 is needed as helper protein for g p!2 assembly. 
_(Kel]s .and Haselkorn 1974)..To test .whether, this influence 
.c an b e reproduced wit.h..pIasmid-coded proteins, T4 g57 
../was cloned into pACYC184 (pTU T4-57, see Materials and 
methods) pTUhxoAK and p7 ( 174-57 were cotransformed 
and the result tg \m\ Te cc mies contained both plas- 
nids Ogiiin vitro comple mentati on activil wa increased 
...tenfold. Apparently", ' in addition to g12~ expression, gp57 
is also produced in the cells and exhibits its helper function 
forgpl2. 

Gpl2jcpuld not be detected by the Western, blotting 
technique and, therefore£ihe protem was identified by im- 
munoprt ipttation The precipj tedgpl of K3hx had n 
api iit mc leculat ht (55. kD ig. 3) similar to that 
ol gpl'2 f Y4 )7'kDa7Vand"e ii :'and Yl ian ! ' i 



Short tail fibres do not recognize proteins invoked in host 
specificity 

Phage K3hx uses the OmpA protein as a receptor. To deter- 
mine if the short tail fibres are involved in OmpA recogni- 



— PTUT2-6C 

► PTUT2-5E 

► pTUT2-6E 

pTUT2-6EH 



BP R PH H 

K3hx ■ 11 i 12 i wac i 13 , 

pTUhx-1A 

- pTUhx-3A 

♦ pTUhx-3AR 

« . pTUhx-3AB 

► pTUhx-3AH 

» pTUhx-3AHB 

Fig. 2. Gene 12 region. The upper arrows indicate known T4 poly- 
cistronic transcripts of g 9, 10, 11 and girac, 13, 14 and 15 (Wood 
and Revel 1976). The broken line shows the direction of transcrip- 
tion of gl2 as proposed here. The relevant 'part ofthe restriction 
map of T2 and the localization of g 11, 12, wac and 13 (see text) 
aTC aligned. The arrows show the inducibility of the insert DNA 
of the clones and subclones via the lac promoter of the pUC- 
plasmids. Above the map of K3hx DNA the arrow indicates the 
DNA sequenced. Restriction sites as in Fig. 1. pTU T2-6EH, sub- 
clone of pTU T2-6E, deletion or the fragments to the right of 
the HindUl site. pTU hx-3AR, subclone of pTU hx-3A, deletion 
of the fragments to the right of the £coRI site. pTU hx-3AB, 
subclone of pTU hx-3A, deletion of the fragments to the left of 
the BamHl site. pTU hx-3AH, subclone or pTU hx-3A, deletion 
of the fragments to the right of the HindUl site. pTU hx-3AHB, 
subclone of pTU hx3AH, deletion of the fragments to the left 
of the BamHl site 



tion, hybrid phages were constructed. E .coli mutants lack- 
ing the OmpA protein cannot be infected by phage K3hx 
but are lysed by phage T4. Bybrid^phages obtained by 
in vitro complementation of a defective lysine of N69. (T4 
lacking gpi2)witb short tai|_ fibres ofK3hx(gpl2 expressed 
from pTTJ hx-3AH), recognize all' Omp A-deficient mutants 
ie&Jed. In'airaition, hybrid phages of N69 with short tail 
111 i of T2 J r - 1 c j i I 72 6E T ! • c i fee J 
the T2-resistant but T4-sensitive strain 70-6 ' (lacking the 
OmpF protein). T hus gp!2 of K3hx. or of T 2. does not 
contribu te any receptorprotein binding S BecificiJyJto "T4. 
^r- To support this imding, an in vitro binding test of gp!2 
to whole bacteria was developed (Table 3). Binding of ex- 
tracted gp!2 expressed from pTU hx-3AH to cells of 
JC6650 and JC6650 ompA (Table 1) treated with chloram- 
phenicol was examined. After centrifugation of the cells 
unbound gp!2 in the supernatant was assayed by quantita- 
tive in vitro complementation. Both strains bound exactly 
the same amount of gpl2, also suggesting that gpJ 2 binding 
is independent of OmpA (Table 3 a). 
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Table X Binding ofgp12 of K3hx (in 



lnv ivo In vitro Ex- _ 

complementation" complc- prcssion 

. mentation b of 

N128 N69 NG329 N69 defective gpwac' 

(gll) (gl2) (gl3) (gp!2) 



Escherichia coli % gp12 bound 



pTU T2-6C + + 

pTU T2-5E + + 

pTU T2-6E + + 

pTU T2-6EH + + 

pTUhx-lA + + 

pTUhx-3A + + 

pTU hx-3AR + + 

pTU hx-3AB + + 

pTU hx-3AH + + 
pTU hx-3AHB + + 



+ + 




+/+ 


+/+ 


+ + 


+ 


+ +/+ + 


+ +/+ + 


+ + 


+ + 


+ + +/+ + + 


+ +/+ + 


+ + 




+ + +/+ + + 


-/- 


+ + 




+ + +/+ 


-/- 


+ + 


+ + 


+/+ 


+ +/+ + 


+ 




-/- 


-/- 


+ + 


+ + 


+/+ 


+ +/+ + 


+ + 




+ + +/+ + + 


-/- 


+ + 




+ +/+ + + 


-/- 



» In vivo complementation: (-), no marker rescue could be deter- 
mined; ( + ), marker rescue by recombination; (++), comple- 
mentation of the gene product , 

* In vitro complementation: (+)(++)(+ + +). ""P^"^ 
tion or defective phages by a factor of about (10-) (10 ) {10 ), 
respectively, over background. Cells were grown + glucose - 
IPTG or - glucose + 1PTG 

• Expression of gpwac: a 50 kDa protein band can be detected 
with antibodies against T4 or K3 on Western blots. Cells were 
grown + glucose - IPTG or - glucose + IPTG 

Since pTU T2-6C has a complete girac but docs not contain the 
allele of NG329 (el 3), the insert ends at the beginning of gl3. 
HindlU cuts within giroc (pTU hx-3AH lacks gpwac expression) 
and EcoM within gl2 (pTU hx-3AR still rescues N69 (gl2) but 
complementation-is absent). P TU 1.X-3AHB still complements 
N128 (gll) showing that the whole gene is to the right o! the 
BamHl site 



JC6650 

JC6650 ompA 

B/r 

P400 

P2811 

P2813 

P2812 



to cells 0 


to LPS" 


to LPS to LPS 
+ antibody' + excess^ 


95 


nd 


nd 


nd 


95 


nd 


nd 


nd 


93 


95 


95 


94 


92 


90 


84 


23 


85 
89 


nd 


nd 


nd 


nd 


nd 


nd 


25 


54 


54 


47 



nd, not determined 

■ E coli was grown to 1 x 10 9 cells/ml in LB and treated with 
chloramphenicol Tor 10 min at 20° C. After incubation with par- 
tially purified gpl2 for 30 min at 37° C the cells were centnfuged 
for 5 min at 12,000 g. Bound gpl2 was then determined by com- 
paring the in vitro complementation activity of the supernatant 
with that of a control without bacteria (0% binding). The 
numbers given are averaged from 3 experiments 
b Lipopolysaccharides from the different strains {250 ug/ml) were 
incubated with partially purified gpt2 for 1 h at 37° C, Afrer 
15 min centrifugation at 1 2,000 g the in vitro complementation 
activity of the supernatant was determined (control without LPS 
0% binding). The numbers are averages from 3 experiments 
' LPS was preincubated with a 1:100 dilution of mAB-786-D10 

for 10 min at 37° C before adding gpl2 
d LPS was preincubated with undiluted mAB-786-D10 



Table 4. Plating efficiency of K3 and K3hx 



Lipopolysaccharide' 



P2811 
P2813 
P2812 



A B C D E 

Fie. 3. Identification of gpl2. Polyacrylamide gel electrophoresis 
of F-Z-ztMi5 containing: A, pTU hx-3AR (incomplete gl2); 
B pTU hx-3A (low in vitro complementation activity); C, pTU 
hx-3AH (high in vitro complementation activity). Autoradiogram 
of immunoprecipitatc of: D, pTU hx-3AH; E, pTU hx-3AR. The 
arrow indicates gpl 2 (55 kDa) 



Gal Hep^ 
— Glc— Glc— Hep— Hep— KDO— 
Hep 

Glc-Hcp-Hep-KDO- 
Hep— Hep— KDO— 
KDO- 



' Plating efficiency (e.o.p.) of phage on P400 is set at 1 
' Plaques extremely large 

Plaques turbid and small 
1 No plaques 

' Tentative structure of the oligosaccharide region of LPS 



Influence of different LPS on phage binding is due to gpl2 
Plating efficiencies and plaque morphology of K3 and K3hx 
appeared to be related to the type of LPS of the host bacte- 
ria (examples are given in Table 4). To quantitate this effect, 
inaciivation of K3 or of K3hx by three different strains 
was measured (Fig. 4). Both phages were most efficiently 
inactivated by E. coli B/r (Fig. 4); the efficiencies of plating 
were highest and the plaques large (Table 4). Inactivation 




20 3D 0 10 20 
TIME [min] TIME [min] 

Fig. 4A, B. Inactivation of bacteriophages K3 (A) and K3hx (B) 
by different Escherichia coli strains. P2833, P400, or B/r were grown 
y LB to 5xl0 8 cells/ml and incubated for 5 min at 20° C with 
chloramphenicol (1 50 ug/ml). At time zero one volume of bacterio- 
phage was added (appropriate dilution in LB) and the mixture 
incubated at 37° C. At various times 0.5 ml altquots were removed 
and diluted tenfold in ice-cold phage burTer containing chloram- 
phenicol (20 ug/ml). The number of unbound phage was then deter- 
mined from the c.o.p. on P400 ( ). To determine the effect 

of the monoclonal antibody (anli-LPS) bacteria were incubated 
with mAB 786-D10 for 10 min at 37° C before adding the phage 



by P2813, a rough mutant of E. coli K12 (Table 4), was 
slow (Fig. 4); the efficiency of plating on this strain was 
reduced and the plaques were small. When chlorampheni- 
col-treated bacteria were incubated with a monoclonal anti- 
body directed against the inner core region of LPS, and 
tested for phage inactivation (Fig. 4), the rate of inacliva- 
tion was reduced in all cases. The effect on strains B/r and 
P2813 was less significant than the effect on P400. Because 
the monoclonal antibody does not interact with P2813 LPS 
(Bitter-Suermann, personal communication), the minor dif- 
)rence in inactivation rates with or without the antibody 
was due to nonspecific steric hindrance (Fig. 4). 

To determine whether the effects described are caused 
by gpl 2, similar experiments were carried out using par- 
tially purified gp 12 instead of bacteriophage (Table 3 a). 
Binding of partially purified .gpl 2 to whole cells also ap- 
peared to be related to the type of cellular LPS. The behav- 
iour of the phage (K3hx, Fig. 4B) is the same as the behav- 
iour of its gpl2 (Table 3 a). Data obtained with other E. coli 
K12 strains containing additional LPS mutations (data not 
shown) indicated that gpL2 binding and K3hx inactivation 
is drastically reduced whenever the heptose is missing. 

To prove that LPS rather than some other surface com- 
ponent was responsible for differences in gpl2 binding, 
binding of extracted gpl2 to LPS isolated from three differ- 
ent strains of E. coli was determined (Table 3b-d). Binding 
of gpl2 to isolated LPS exhibited the same pattern as gpl 2 
binding to whole bacteria. In addition, preincubation of 
LPS with mAB 786-D10 abolished binding of gpl2 to P400 



LPS but had no effect on binding of gpl 2 to B/r LPS (Tab- 
le 3c, d, compare with Fig. 4). 

The binding site of mAB 786-D10 is proposed to be 
the Hex-Glc-Glc-Hep region within the core of E .coli K12 
LPS (Peters et al. 1985). Because this antibody reduces gpl2 
binding to K12 LPS and because gpl2 binds poorly to 
species of LPS lacking the heptose residue, (P2812 and other 
strains tested; Y u and Mizushima 1982; unpublished re- 
sults) the inner core region, especially the heptose, appears 
to be involved in gpl 2 binding (Table 4). 

B/r LPS recognized by mAB 786-D10 in immunoblots 
and in ELISA (Bitter-Suermann, personal communication). 
The antibody does not specifically reduce K3 or K3hx inac- 
tivation by B/r cells (Fig. 4) and cannot abolish gpl2 bind- 
ing to B/r LPS (Table 3c, d). Thus the binding site of gpl2 
is different from the mAB 786-D10 binding site in B/r LPS. 



Efficient expression of cloned phage genes combined with 
in vitro complementation assays have the following advan- 
tages: only a partial purification is required to test the reac- 
tions of the gp. No other unknown phage components are 
present which could interfere with the reaction. In the case 
of host recognition by T-even proteins the complicated 
multi-step reaction of infection by phage can be dissected 
into the single steps which can be tested individually. Here, 
the ability of different E. coli strains to inactivate bacterio- 
phage K3 and its host range mutant K3hx could be asso- 
ciated with the different abilities of LPS in the strains to 
bind gpl2. Gpl2 binding to OmpA and OmpF is excluded. 
Because K3 and K3hx cannot infect E. coli lacking the 
OmpA protein, the first step of recognition, long tail fibre 
binding to the outer membrane, seems to be the stringent 
step in host recognition. Gpl 2 binding to the LPS in the 
outer membrane, the second step in phage infection, is less 
specific and influences the efficiency of phage infection. 

Most likely gpl2 specificity is the same in all T-even 
type phages: T4N69 defective phage complemented with 
gpl 2 of T2 or K3hx behaves as a normal T4 phage with 
the host specificity of T4. Furthermore, the DNA including 
gl2 is highly conserved. Even the restriction maps are simi~ 
lar. In contrast, the genes coding for the long tail fibres 
are very heterologous with respect to the restriction sites 
and DNA sequences (Riede et al. 1984, 1985). 

The heptose of E. coli Kl 2 LPS is necessary for efficient 
binding of gp!2: whenever the heptose was missing in the 
LPS of bacteria (P2812 and other strains tested, unpub- 
lished results), the binding of gpl 2 to the bacterial surface 
decreased drastically. The binding of gpl 2 to the LPS of 
K12 could be suppressed with a monoclonal antibody di- 
rected against the inner core region. We do not yet know 
which structure in E. coli B LPS is recognized. The observa- 
tion that the same monoclonal antibody has a binding spec- 
ificity to B/r LPS different from that of gpl 2 suggests that 
short tail fibres have several different binding specificities. 
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Product of T4 Gene 



William S. MAaosf aku Robebt Haselkobit 
Department of Biophysics 
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(Received 6 October 1971) 

The product of gene 12 appears to be required for the proper functioning of thB 
base plate of bacteriophage T4. Utilizing an in vitro assay for this gene product, 
a purification procedure has been devised. Gel filtration and sedimentation 
analyses show that the partially purified protein has a molecular weight of at 
least 157,000 daltons; in addition, a partially purified gene 12 product"prepara- 
tion activates purified gene 12~ particles at a high efficiency. Since other ex- 
periments have shown that the gene 12 product is a structural component of the 
phage, we interpret the high efficiency of activation to mean that the gene 12 
product is the only structural defect of gene 12- particles. 

Autoradiography of infected cell extracts analyzed by electrophoresis on 
sodium dodecyl sulfat-e/acrylamide gels reveals that the gene 12 polypeptide haa 
a molecular weight of 55,000 daltons; moreover, this labeled polypeptide is the 
only peptide of molecular weight greater than ~ 20,000 daltons which specifically 
binds to gene 12~ particles. "We suggest that the 55,000 molecular weight poly- 
peptide is the major subunit of the active gene 12 product and that the active 
protein contains at least two such peptides. The possibility of additional low 
molecular weight subunitB has not been eliminated. 

Quantitative analysis of in vitro assembly, employing infected cell extracts, 
suggests that two gene 12 product molecules are capable of converting a gene 12~ 
particle to an infective unit but a gene 12~ particle possesses at least three binding 
sites for the gene 12 product. 

This product appears to "bind" to the debris present in infected cell extracts; 
the product of gene 11 does not. 



1. Introduction 

Bacteriophage T4 heads, tails and tail fibers assemble by independent pathways, and 
the completed substructures are then assembled into viable phage (Wood, Edgar, 
King, Lielausis & Henranger, 1968). When a phage possesses a conditionally lethal 
mutation in gene 12, infection under non-permisaive conditions leads to the accumula- 
tion of non-infective phage-like particles [12~ particles). These particles appear 
normal by electron microscopy and carry normal amounts of tail fiber antigen (King, 
1968); however, although able to absorb to the surface of host bacteria, gene I2 - 
particles are unable to cause lysis from without, or to kill the bacterium (King, 1968; 
Simon, Swan & Flatgaard, 1970). 

Edgar & Wood (1966) have shown that the gene 12 produot can participate in in 
vitro assembly, apparently by acting upon the base plate or core-base plate (Edgar & 
Lielausis, 1968). Phage particles which have not been acted upon by the gene 12 

t Present address: Department of Microbiology, U.S. C. School of Medicine, Los Aneeles, Calif 
90033. TJ.S.A. 



446 . W. S. MASON AND R. HASELKORN 

product are defective in attachment of the "short tail fibers" to the cell surface and/or. 
the co-ordination of base plate attachment -with sheath contraction and KNA reiea -« 
(Simon et <&., 1970) — that is, the base plate seems to be defective. 

Phage carrying a mutation in gene 11 synthesize phage particles (under non- 
permissive conditions) which are phenotypically similar to gene 12~ particles (King, 
1968; Simon et id., 1970). Tanagida & Ahmad-Zadeh (1970) have presented data 
suggesting that the gene 12 product is an antigenic component of the intact base plate, 
while under similar conditions gene 11 antigen is not detectable; in addition, in vitro 
studies have shown that gene 11~ phage particles are also gene 12~, whereas gene 12~ 
particles are gene 11* (Edgar & Lielausis, 1968). It thus appears that the gene 12 
product is a surface component of the base plate, possibly of the spikes (Simon et at., 
1970), whereas the gene 11 product might not be exposed to the surface on intact 
phage. 

Snustad (1968) suggested that in misled infection with T4 + and gene 12~ (or gene 
11-) phage the in vivo requirement for active gene 12 product (and gene 11 product) 
is stoichiometric rather than catalytic, also implying that the gene 12 product may be 
a structural subunit of the phage. 

In this report in vitro assembly has been exploited to characterize further the gene 12 
product. Since the gene 12 product acts on the phage tail, mutants defective in tail or in 
head and tail formation have been used as gene 12 product (12P) donors and gene 12~ 
particles as 12P acceptors. The hydrodynamic properties of the gene 12 product have 
been examined, a preliminary purification procedure has been devised, and a quantita- 
tive analysis of the in vitro assembly reaction has been applied to determine the 
stoichiometry of gene 12 product activation of 12~ particles. 

For convenience and economy, we have followed the following convention in refer- 
ring to the prodnets of T4 genes : the single polypeptide produ et of gene 12, identified, 
for example, on SDS/polyacrylamide gels, is called P12 (Laemmh, 1970). The bio- 
logically active complex, capable of converting 12~ particles to plaque-forminc units 
is called 12P. 



2. Materials and Methods 

(a) Bacterial strains 

Esclierichia coli strains B B and CB63 served as the non-permissive and permissive hosts, 
respectively, for T4 amber mutants. When selective plating was necessary to distinguish 
between amber mutants an rll (rdfil) deletion was incorporated into the appropriate 
genome and S26R1E was used as the selective hoBt (S26R1E is non-permissive fur rll 
mutants, but suppresses amber mutants). 

(b) Pliage strains 

The T4 amber mutants were derivatives of T4D and are from the collection of R. S. 
Edgar, who generously supplied us with the following amber mutants: 5 - (N135)- 6" 
(N102); 7" (BIO); J-(N133); S"(E17); i0-(B255); JJ-(N93); J2-(N69; N104; NG75); 
23- (BI7); 2o-(N67); 2tf-(N131); 2~-(N120); 2S-(A452); 29"(B7); dJ-(S29); S3'CB2S); 
J4-(B25-A453); 37~ (N52-B280); X4E (Edgar & Wood, 1966); XF18 (genes 5" 6~ 7~ 
S~, 9-, 10- = B256-B25I-B16-N132-E17-B253). X4E carries mutations in genes 34, 35, 
37 and 3S; these genes all affect tail fiber proteins. Gene 23 is the principal head capsid 
protein; all other genes listed are involved in tail formation. Several multiple 
amber mutants were constructed; 72-pT69-N104), back-crossed three times with T4+ • 
13-.23-.21-±rdf 41 (N69-N104.B17-N1204:«i/41); 23~ -2? - ±rdf (Bl7-N120+ri/41)' 
12-. 27- (N69-N104-N120); 23--27--.34--.J7-. The rU mutant was selected by inability 
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to plate on S26K1E; 23~ -27~ -34~ -37~ was selected by inability to complemaiit {Edgar, 
Denhardt & Epstein, 1964) the respective double mutants in genes 34 and 37. 

(c) Media and buffers 

Tryptone broth, used for baoterial growth and as a dilution medium for plating, con- 
tained 10 g Bacto-Tryptone (Difco) and 5 g NaCl in 1000 ml. of water. M9, used for radio- 
active labeling, contained 7 g NaaHPO* • 2H 2 0, 3 g KH 2 P0 4 , 0-5 g NaCl, 1 g NH4CI, 4 g 
glucose, 0-5 m-raoles MgS0 4 , and 0-05 m-mole CaCls/l. Supplemented M9 medium (M9S), 
used in the preparation of phage lysates and extracts, contained 10 g of Casamino acids 
(Difco)/!. of M9 medium. Tryptone bottom agar contained 5 g NaCl, 10 g Bacto-Tryptone, 
and 15 g Bacto-Agar (Difco)/l. of water. Epstein-Hershey top agar (EHA) has been 
described (Steinberg & Edgar, 1962). 

Hershey T2 buffer (HT2), used for resuspending phage pellets, has been described by 
Hershey & Chase (1952), and BUM buffer (0-0039 u.TXaJZBO,, 0-0022 si-KH a P0 4 , 0-007 m- 
NaCl, 0-02 ai-MgS0 4 ) by Edgar & Lielausis (1968). 0-061 M-phosphate buffer was 0-039 11- 
NaaHPOi, 0-022 m-KH 2 P0 4 . 

(d) Defective lysaics and extracts 

E. coli B E were grown to 4 X 10 B /ml. (at 37°C), infected at a multiplicity of infeotion of 5 
and superinfected 5 min later (if indicated) at the same multiplicity of infection. Acceptor 
lysaies were prepared by chilling the infected culture, which was then clarified by centrifu- 
gation and stored at 4 to 7°C (50 to 100 /ig chloramphenicol/ml. was usually added to 
retard bacterial growth). Gene 12~ particle lysates retained activity for several months. 
Donor lysates were frozen quickly (in dry ice/acetone) if not intended for use the same day, 
stored at — 20°C, and used within a few hr after being thawed. Lysates intended for use 
the same day were prepared simply by chilling an infected culture to 4°C. 

Defective extracts were prepared essentially as described by Edgar & Lielausis (1968). 
Cells were resuspended in 0-02 to 0-0 1 the volume of the infected culture, and portions were 
quick-frozen and stored at — 2Q°C. 

(e) In vitro complementation 
The basic procedure for in vitro complementation (assembly) has been described by 
Edgar & Lielausis (1968). Complementation was usually initiated by mixing equal volumes 
(0-05 or 0-1 ml.) of donor and acceptor (donor added to acceptor) at 4°C. Reaction 
mixtures were diluted in Tryptone broth for plating. The results are expressed as plaque- 
forrning units/ml. of reaction mixture after subtracting the background due to acceptor 
alone (unless indicated) ; the donor background was generally negligible. The donor or 
acceptor dilution is the dilution before mi-ring. Complementation conditions are indicated 
as: amount donor — amount acceptor; length of 30°C incubation; buffer. 

(f) Centrifugation 

5 ml. and 27 ml. of 5 to 20%lmearsucrosegradients were prepared in nitrocellulose tubes. 
Following centrifugation, lo-drop fractions (5-ml. gradients) or 33-drop fractions (27-mi. 
gradients) were collected from a needle inserted through the bottom of the tube; if pelleted 
material was present, the needle was inserted so that the opening was slightly above the 
pellet. Sedimentation coeEScient3 were determined using the method of Martin & Ames 
(1961) with external sedimentation markers. Since different numbers of fractions were 
usually collected from each gradient of a set, the positions of peaks of activity are normalized 
with respect to the number of fractions collected from the gradient containing catalase. 
Peaks are indicated as weight averages (|) or as maximum activity (J). Clarification 
denotes a 10- to lo-min spin at 5000 rev./min. Continuous flow centrifugation employed a 
Sorvall continuous flow system (flow rate 200 to 400 ml./min) at 16,000 rev./min. 

(g) Purification 0/ particles (12" ,- X4E) and phage 
Lysates were clarified and the phage (or particles) pelleted (e.g. 40 min at 26,000 rev./ 
min, 30 rotor or 90 min at 12,900 rev./min, GSA roror). The pellets were resuspended in 
HT2 buffer, and the resuspended phage clarified. For further purification, 2-ml. samples 
of phage or particles (< 2-5 x 10 13 /ml.) were centrifuged for 15 min at 30,000 rev./min in 
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the SW50 rotor at 20 to 25°C through a CsCl step gradient containing 0-5-ral. oamplaa of 
70,60,50,40,30,20% CM (% saturation) in 0-01 H-Tris • HC1, pH 7-5 (the 20% lsy er 
contained 5% (v/v) glycerol). CaCl was removed from the phage band by snocessrve 
dialyses against 1-0 M-NaCl/0-01 M-Tris (pH 7-5) and 0-1 M-NaCl/0-01 M-Tris, pH 7-5. 
(h) Labeling of infected bacteria 
E. coli B E were grown to 4 x 10 8 /ml. at 37°C, infected (with pelleted phage) at a multi- 
plicity of infection of S, and superinfected 8 min later. A "C-labeled amino-aoid mixture 
was added at 20 min. At 30 to 35 min the cells were poured onto crushed ice, collected by 
centrifugation, and resuspended in 0-1 vol. of SDS sample buffer (Laemmli, 1970). 
Labeled extracts (10- to 50-fold concentrated) for in vitro complementation were prepared 
as described in seotion (d) above. Infected cells received 0-047 to 0-168 /iCi/rnl. of each of 
the following Amin o acids: t-arginine, l.-leuciue, n-lysine, r- valine, -^-threonine and l- 
iaoleucine. Incorporation into material insoluble in hot trichloroacetic acid waa measured 
in a Beckman low beta Gas-flow Counter (17% efficiency). 

(i) Sodium dodecyl sulfate gel electrophoresis 

Polyacrylamide gel electrophoresis in SDS was carried out using the procedures described 
by Laemmli (1970) on 10% gels. Extracts in SDS sample buffer (Laemmli, 1970) were 
heated for 2 min at 100°C before electrophoresis; phage pellets were heated for 10 min. 
Sample volumes (per gel) were usually 50 to 100 id. Electrophoresis (4 mA/gel) was con- 
tinued until the tracking dye (bromothymol blue) had migrated 7 to 8 cm. Geb were fixed 
and stained according to Weber & Osborn (1969), except that the gels were allowed to 
destain by diffusion; in some cases the staining step [was omitted. Polypeptide molecular 
weights were determined using the calibration procedure of Weber & Osborn (1969), with 
calibration standards used as external markers. 

The procedure for slicing and drying gels has been described by Fairbanks, Levinthal & 
Reader (1965). Autoradiograms were prepared using Kodak No Screen X-ray film, 
(j) Filtration chromatography 

Sephadex G200, Sepharoae 4B, and Sephadex K25/45 oolumns were products of Phar- 
macia Fine Chemicals, Inc. Gel columns (2-5 cm x 35 to 40 cm) were prepared, a suitable 
operating pressure was maintained with a mariotte bottle (5 to 10 cm buffer with G200; 
12 to 15 cm buffer with Sepharose 4B), and columns were'eluted wiih downward flow. 
Void volumes were determined with Blue Dextran 2000 (Pharmacia): 0-2% (w/v) for 
G200, 0-5% (w/v) for Sepharose 4B. Columns were further calibrated for the determina- 
tion of Stokes radii using the procedure of Ackers & Steere (1907). 

(k) Protein assays 

Protein was assayed by the colorim'etric method of Lowry, Rosebrough, Farr & Randall 
(1951); in some cases, bovine serum albumin and ovalbumin concentrations were deter- 
mined by adding 10% trichloroacetic acid, vortexing briefly, incubating for 15 tt m'ti at 
30°C, measuring the absorbance at 300 nm, and comparing with a calibration standard 
(10 to 80 pg/ml.). In the colorimetric assay, protein concentrations have been expressed as 
mg equivalents of bovine serum albumin. 

(1) Partial purification of gene 12 product 

E. coli B E were grown to 4 X 10 8 /ml. (at 32°C), infected with XF18 at a multiplicity of 
infection of 5, and superinfected 5 min later. After 3-5 hr the bacteria and bacterial debris 
were chilled by passage through copper coils packed in ice-water and collected by con- 
tinuous flow centrifugation at 300 to 400 ml./min. Portions were quick-frozen at this time 
(Ft) to serve as 12P standards for later assays. 

The pellets were resuspended, with sonication, in 0-061 n-pbosphate buffer; 0-2 mg. 
DNase was added and after a 15-min incubation at 30°C the volume was brought to 1-1. 
with cold 0-061 H-pbcsphate (fraction I). The bacterial debris were pelleted (60 min .9 jr. 
GSA)f and resuspended in 200 ml. of 0-061 M-phosphate/0-01 M-EDTA. After a 15-min 

t Conditions of oentrifugation are abbreviated by specifying time, speed in thousands of rev./ 
min {K), and rotor in parentheses. SS34 and GSA are SorvaQ rotors; all others are Spinoo. 
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mcubatwn at 30°C (fraction H) this fraction was clarified twice: 15 min-SiT-GSA, then 
40 mm-„6£:-30 rotor (fraction HI). Saturated ammonium sulfate was added to fraction 
%i I2P B ^l° ut at 35 40 40 % saturated ammonium sulfate) and the precipitate 
collected (40 min-16jr-21 rotor). The precipitate was resuspended in 0-061 ir-phosphate/ 
0-01 ai-EDTA (fraction IV). Fraction IV was made 50% in ammonium sulfate the 
precipitate was collected (30 min-15i£-SS34) and resuspended in 12 to 15 ml, of 0-061 m- 
phosphate/0-01 m-EDTA (i.e. the volume was adjusted so that the fraction floated on 5% 
sucrose (V)). Fraction V was layered on three 27-ml. 5 to 20% sucrose gradients (0-061 2 
phosphate/0-01 M-EDTA) at 3 to 5 ml./gradient and centrifugad for 38 to 42 hr-23-5iT- 
SW25 rotor (Fig. 1). The peak fractions were pooled (fraction VI), ammonium sulfate was 
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Fia. 1. Preparative sucrose gradient centrifugation Df gene 12 product. See Materials and 
Methods, section (1). 

added to 50% saturation, the precipitate was collected (30 min-10.rL-SS34) and reaus 
pended in 0-001 K-phosphate/0-01 m-EDTA (fraction VII). Fraction VH has been further 
analyzed as described in Figa 6 and 7. The purification is summarized in Table 1. 
(m) Chemicals 

Ammonium sulfate and sucrose (special enzyme grade) were obtained from Mann 
Research Laboratories and Schwarz/Mann, respectively. CsCl (ultropure) was a product of 
E. Merck Ag. Darmstadt (Germany). 

_ Ovalbumin, hog pancreas a-amylase, and yeast alcohol dehydrogenase were obtained 
irom the Sigma Chemical Company (St Louis); p-galactosidase, cbyrootrypsinogen A, 
malate dehydrogenase, and lysozyine were from the Worthington Biochemical Corpora- 
tion; catalase was from C. F. Boehringer & Sohn (Germany); bovine serum albumin and 
bovine plasma albumin were from General Biochemicals (Chagrin Falls, Ohio) and the 
Armour Pharmaceutical Company (Kankakee, HI . ) , respectively ; equine heart cytochrome c 
was from Calbioohem. 

Chloramphenicol was obtained from Parke, Davis, and Company ; Tris-(hydroxymethyl)- 
amino methane from Aldrich Chemical Company (Milwaukee, Wisconsin); gelatin, U.S.P. 
from Fisher Scientific; "C-labeled amino acids from Schwarz Bioresearch, Inc. and New 
England Nuclear. All other chemicals were reagent grade. 

(n) Miscellaneous 

12P assays: gene 12 product donors were usually not- diluted until immediately before 
mixing with 12P acceptor. Unless otherwise noted, the acceptor was a clarified M69-2s T 104 
gene 12 - particle lysate. 
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Table 1 

A partial purification of the 12P ' - 



Fraction 




Units 12P 


Protein 
(mg) 


Unit 12P/mg 


ruriCoatioii V 
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==15,000 
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16 L 
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2-52 


==1 
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1260 
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102 
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Experiment 2 
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37-6 
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33 ml. 


2800 
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10 ml. 


2100 


22-4 


94 


34-7 


VI 


18 ml. 


1220 


1-71 


710 


262 


vn 


8-7 ml. 


1260 


2-14 


585 


216 



See Materials and Methods, section (1) for details. 



EDTA concentrations are nominal for experiments in which EDTA was added to lysates 
or extracts to provide for the release of 12P from debris (additions were usually made 
from a 0-5 M-EDTA stock solution, and indicated molarities do not take into account 
volume changes). 

Illustrations. A straight line with a slope of —2 has been drawn to fit the data (at 
limiting donor concentrations) for all of the in vitro complementation assays ; moreover, 
this slope has been used for all quantitative estimates of gene 13 product activity. 

3. Results 

(a) An assay for the activity of gene 12 product {12P) 
In order to determine appropriate conditions for the in vitro assay for 12P, a series 
of experiments employing both crude and olarified extracts of gene 12~ and 23~-27~ 
rdf infected cells was performed. S26E1E was used for plating complemented gene 
12~ particles since this bacterium is non-permissive for any phage present in the 
gene 23--27~rdf extracts. The resuJts of one experiment in which various dilutions of 
a gene 23 ~ -27 'rdf extract were complemented with a single dilution of a gene 12~ 
extract are presented in Kgure 2. The straight lines are drawn with slopes of —2, 
giving a reasonable fit to the data when the gene 23--27~rdf extract is highly 
diluted. Since the —2 slope seemed to be reproducible it has been utilized to provide a 
quantitative assay for 12P. That is, one or more data points at a suitable high 12P 
dilution are assumed to conform to the —2 slope, permitting extrapolation (or inter- 
polation) to an arbitrarily chosen complemented titer. The relative concentration of 
two different 12P samples is then the ratio of the dilutions required to complement the 
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gene 12' -23' -21 '" rdf extract to the in vitro complementation mizes does not pig- • 
nificantly alter the complemented titer (Mason, 1971), suggesting that the gene 12~ 
particle itself is the limiting factor in the contribution of gene 12 acceptor extract to 
in vitro assembly. 

Three gene 12 amber mutants (N69, NG75, and N104) were found to produce 
equivalent gene 12 acceptor lysates, suggesting that in vitro complementation is not 
significantly inhibited by the gene 12 amber peptide fragments produced by any of 
these mutants. (N69 and N104 have been described by Edgar ei al. (1964); NG75 
recombines with both N69 and N104.) The gene 12 acceptor lysates are stable for • 
several months at 4°C. T4 and gene 12' particles purified through CsCl had specific 
activities of 0-92 and 1 -02 X 10" particles per optical density unit at 265 nm, compared 
to 1-2 x 10 11 T4 phage per optical density unit reported by Winkler, Johns & Kellen- 
berger (1962). The purified gene 12~ particles retained greater than 80% of their 
activity after six months at 4°C. 

Several modifications of BUM buffer have been tested for their effect on in vitro 
complementation. Of these, BUM supplemented with bovine serum albumin (50 
/ig/ml.) was found to produce the highest complemented titer; the bovine serum 
albumin supplement appeared to stabilize the diluted 12P, since it was almost W' 
equally effective if used for 12P dilution alone or for diluting both the donor and 
acceptor extracts for in vitro complementation. ' 

(b) 12-P donor activity of base plate mutant lysates 
Since gene 12 expression, in vitro, might be affected by the expression of other base 
plate gene products, a set of hase plate mutants was tested for 12P donor activity, with 
the results shown in Table 2. In order to compare lysates, 12P activity was normalized 
with respect to the activity of T4 lysozyme, a gene product whose expression should be 
independent of the base plate genes. Experiments 1 and 3 in Table 2 show that, of the 
base plate genes, only gene 9 mutant infection displays a seriously depressed level of 
12P activity, comparable to that of rdf (normal phage) or X4E (fiberless phage). We 
interpret the fact that the latter two show donor activity (experiment 2) to mean that 
12P is normally made in excess with respect to assembled components capable of 
binding 12P irreversibly. The reduced 12P donor activity of the 9~ lysate could be due 
to irreversible association of 12P with structures containing 12P binding sites (Elat- 
gaard, 1969). Alternatively, the gene 9 amber mutation might be polar, and depress the 
expression of gene 12. 

For consistency, 27' and XE18 have been used as 12P donors for the experiments 
described below. 

(c) Hydrodynamic properties of the gene 12 product activity in crude preparations 
Clarification of extracts containing 12P by low speed centrifugation removes most 
of the gene 12 complementing activity. This point is illustrated in Figure 3, which- 
shows that low speed clarification of the acceptor extract does not affect the comple- 
mented titer whereas low speed clarification of the donor extract reduces the titer 
greater than 10-fold. Other experiments have shown that the 12P can be recovered 
quantitatively from the pellet fraction. 

Lysates and extracts contain appreciable concentrations of Mg 2+ ions which might 
promote the binding of 12P to cell wall or membrane debris. The effect of EDTA on 
low speed centrifugation of the 12P (suggested by M. E. Adehnan) was therefore 
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Table 2 

Production, of gene 12 product in base plate mutant infection 



Mutant gana 



? complementing activity 
lysozyma activity 



as infected at a multiplicity of infection of 5 (at 37°C) and cells were chilled upon Iyai 3 or 
J 35 nun poet-mfoction; portions were quick-frozen at the end of infection for sufaaequent 
lyeozyme assays. When lys* was complete 12P assays were performed. Lysozyma was assayed 
according to the procedure of Sekiguohi & Cohen (1964). * 

Espt 1. The 12F acceptor was pelleted gene 12- particles; a frozen portion of the gene 27~ 
lysate was ass.gned a 12P aotmty of 1-0. Frozen portions of a 30 min.-30°C-T4+ lysate (cell count 
5 x lO'/rnl.) served as a lysozyma standard (activity 53 1-0). " 



complemented with ' N09OT104 and plated on S26F.1E; X4E ™s complemented with N69-V104 
rd/and i pUtod on S20B1E and CE83 ; gene 27- was complemented with both acceptors and plated 
on both hosts since gene 27- served as a 12P standard. X4E particles were not significantly 
activated by 2n 09-N104 rdf. Gene 27 - served as a lysozyma standard (activity E 1-0). 



which 
smple- 
8 titer 
)vered 

might 



studied. Addition of EDTA prevented the 12P from sedimenting at low speed; how- 
ever, an excess of EDTA over Mg= + was not required (Table 3). High monovalent salt 
concentration alone does not promote release of 12P from the pellet fraction The 
results presented in Table 4 show that 1-0 M-KC1 does not give efficient release while 
1-0 M-KCI/0-01 si- EDTA releases 12P as efficiently as 0-01 ai-EDTA; 0-001 M-EDTA 
is more effective in 0-061 M-phosphate than in 0-0061 m-phosphate, snggesting the 
importance of the ionic strength of the buffer system as well as the chelating action of 
EDTA in promoting 12P release. 

The sedimentation coefficient of 12P has been determined in several of the buffers 
listed in Tables 3 and 4. The 12P (low molecular weight species) has a sedimentation 
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Table 3 

Low-speed sedimentation, of 12P: effect of EDTA 



KDTA concentration 


12P Complementing aotivity 


in resuspendad pellet 
{*) 


Total resuspended pelle 


Low-speed 
supernatant 


0 


1-00 


0-12 


OX10- 3 


0-97 


0-59 


2-5 XlO- 3 


0-94 


0-83 


5X10- 3 


0-87 


' 0-90 



The low-speed (15 min-ojr.30 rotor) pellet of a lysate of gene 23--27~ infected E. coli B E was 
resuspended by homogenization in the original volume of BUM, and 0-5 M-EDTA was added to 
the concentrations indicated in the first column. The suspensions were incubated for 1 hr at 4°C 
and then centrifuged at low speed. The second and third columns list the 12P activity before and 
after the second low-spoed centrifugation, relative to the total activity in the sample without 



Table 4 
Release of 12P by KCl and Em A 

Buffer Relative amount of 12P activity 

Crude suspension Supernatant Pellet 



Experiment I 
0061 si-phosphate 
0-061 phos/lO" 3 m-EDTA 
0-061 phoa/lO- 3 a-EDTA 
0-061 phos/0-1 M-KCl 
0-081 phoa/1-0 M-KC! 
0-061 phos/1-0 x-KCI/10- a 

M-EDTA 
t0-061 phos/CHCl 3 

Experiment 2 

0-0061 M-phosphate 
0-0061 phas/lO" 3 M-EDTA 
0-0061 phos/0-01 M-KCl 
0-0061 phos/0-1 M-KCl 
0-0061 phoa/1-0 M-KCl 



One liter of B E was inieoted with XF18 (multiplicity of infeotion = 5) and super-infected 
5 rain later. After 3 hr, 0-2 mg DNase was added, the culture was chilled until lysis, divided into 
portions, and centrifuged for 15 min-SiT-GSA. The pellets were resuspended in 0-061 or 0-0061 
M-phosphate at 0-025 to 0-02 volume. Recovery of 12P activity at this step was 30 to 50%. 0-5 m- 
EDTA and 4-0 M-KCl (in the respective buffers) were added'to the indicated concentrations, 
the suspensions were sonicated to produce the crude suspensions (column 2), portions were centri- 
fuged for 10 min-5A'-SS34, and the pellets resuspended to the original volume in 0-0061 M-phos- 
phate/0-001 m-EDTA (column 4). 

t 0-5 ml. of CHCI 3 was added to a 2-0-ml. system and the mixture was incubated for 15 min at 
room temperature. The undissolved chloroform was removed before centrifugation. 




FlO- 4. Gradient centrifugation of 12P in various buffers. 

(a) A geno 23~ -2T extract was diluted 3-fold with BUM and divided into 2 portions; 0-5 M- 
EDTA was added to one portion to 0-025 m: and both were incubated for 15 min ot 30°C. 0-1-ml. 
samples were then analyzed by contrifugation on 5 ml. of 5 to 20% sucrose gradients containing tho 
appropriate buffer. Catalase (2 mg/ml. in BUM/EDTA) was run as an external sedimentation 
marker; the migration of catalase on 5 to 20% sucrose gradients was the same in BUM or BUM/ 
BDTA. The gradients were run for 12 hr-35S:-SW39 at 4 to 5°C and the recoveries of BUM 12P 
and BUM/EDTA 12P were 130% and 103%, respectively; the peak of 12P activity in BUM was 
estimated by averaging over fractions 11 to 15. 

(b) As in (a), except tho gradients also contained 1-0 ai-KCl and the samples contained 0-0 M- 
KCL The external catalase marker waa centrifugod in a gradient containing KC1/BUM/EDTA; the 
migration of catalase in KCl/BUM and KC1/BUM/EDTA was compared in a separate centrifuga- 
tion, with the relative migrations indicated in the Figure. Centrifugation was for 20 hr-35K- 
3W50 at i°C and the recoveries of KCl/BUM and KC1/BUM/EDTA 12P were 120% and 105%, 
respectively. 

— 9—9— BUM 12P; — O — O--, EDTA 12P. 
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coefficient (3 W ^) of 7-1 s in BUM, as compared to 6-3 s in BUM/EDTA (Fig. 4(a)). In 
1 -0 it-KCI/BUM and 1-0 M-KCl/BUM/'EDTA the values are 6-7 s and 6-4 s, respectively 
(Fig. 4(b)). 

In order to characterize the 12P further, an estimate of the 12P density was obtained 
by measuring its sedimentation rate relative to "typical" proteins in sucrose .gradients 
supplemented with potassium tartrate (Fig. 5). Figure -5(a) shows the sedimentation 
profile of the 12P on a sucrose gradient supplemented with 28% (w/v) potassium 
tartrate : the sedimentation coefficient in the presence of BUM buffer was 7-4 3. Figure 
5(b) demonstrates that the sedimentation of typical proteins is well behaved in 2S% 
tartrate. From the data in Figures 4(a) and 5 it can In:- shown that the partial specific 
volume of ]2P must be in the range 0-70 to 0-75, not significantly different from the 
density of typical proteins (Mason, 1971). 




W. S. MASON AND B. HASELKOBN 



(a) 




Fraction na 



tarteL 5 ' f H 3 a Dt C8ntrifugBti0D » Bucrose BwiiwtB supplemented with 28% (w/v) potassium 
(a) The procedure is similar to that described in the legend to Fig. 4(a) except that the 5 to 20% 
sucrose gradients were also supplemented with potassium tartrate. Catalase (2 ms/ml in BUM\ 
was run as an external marker. The extract debris did not form a visible pellet but a sharp band of 
aggregated material append near the middle of each 12P gradient and was collected^ fraction 
fin h ^^w-n ' ^ 10n 13 V™!®^ gradient). The gradients were centrifuged for 
and^30°% reIp°ec C K-e1y W ° f BUM/12P ^ BTTM/EDTA/12P was 170% 

— ©—•—, BUM 12P; — O— O— , BUM/EDTA/12P. 
, l b> f t0 , 2 ^i 3 ^. rOSe 5 radient9 °™tei"ing BUM were supplemented with 28% (w/v) potassium 
™3» % /i * ml5, ' stlon ° f oat J Blose < 2 m B/^-). Isozyme (5 mg) and yeast alcohol dehydro- 
genase (o mg/ml.) were measured under the conditions described above. The refractive indices of 
gradient fractions before ( A ) and after (Q) centrifugation are indicated. 

(d) Sodium dodeajl sulfate gel electrophoresis: characterization of P12 
In this section we present the characterization of the polypeptide chains contained 
in 12P by electrophoresis in polyacrylamide gels containing SDS. Three experiments 
will be presented. First, two radioactive extracts differing only in their content of 12P 
have been compared by SDS gel electrophoresis; the sinale band differing in the two 
patterns is tentatively called P12. In the second experiment, the two labeled extracts 
were incubated with unlabeled gene 12- panicles, the acceptor particles purified, and 
their proteins examined by electrophoresis. A single band difference, corresponding in 



5 to 20% 
a BUM) 
bund of 



stained 
iments 
of 12P 
he two 

d, and 



THE PRODUCT OP T4 GENE 12 4S7 
position to P12, is again observed. For convenience this experiment is referred to as 
the "sweep" experiment. Finally, unlabeled donor extracts differing only in then- 
content of 12P have been compared with respect to their ability to prevent association 
of radioactive 12P with gene 12 " particles. In this "sweep-competition" experiment, 
only donor extracts containing 12P prevent the attachment of radioactive P12 to 
acceptors. 

(1) Comparison of radioactive extracts. Extracts were prepared from cells infected 
with 27~ and 12--2T phage. Autoradiograms of SDS gel analyses of the two extracts 
are shown in Plate I, gels 1 and 2. The band called P12 is the only band present in the 
gene 27~ extract which is clearly absent from the gene 12~-27- extract. 

(2) Complementation with radioactive donor extraots— the sweep experiment. The 
radioactive extracts described in (1) were used to complement unlabeled gene 12~ 
particles in vitro. The complemented particles were then purified, and the radioactive 
proteins associating with those particles were analyzed by SDS gel electrophoresis 
The autoradiograms of the gels are shown in Plate I, gels 3 and 4. Again, the only 
apparent difference, on SDS gels, between particles complemented with gene 27~ or 
12-. 27- is the radioactive band P12. Since P12 migrates to the same extent on SDS 
gels before and after association with gene 12~ particles, the P12 polypeptide does not 
appear to be extensively modified as a consequence of association. (The bands common 
to gels 3 to 8 in Plate I are probably head proteins derived from particles present in the 
donor extract; see below.) 

(3) Complementation with radioactive donor extracts— the sweep-competition 
experiment. 

If the association of 12P with acceptors is irreversible, and if there are a limited 
number of sites to which P12 may bind, then unlabeled donor extract should prevent 
the association of labeled P12 with gene 12' particles. Therefore the sweep expert- 
meat was repeated with the simple modification described in Plate I. Before incuba- 
tion with radioactive donor extracts, the gene 12~ acceptor particles were incubated 
with either unlabeled gene 23~.27~ extract or with unlabeled gene 12--23~-27- 
extract. Since there are two radioactive extracts and two unlabeled extracts to be 
compared, four complemented acceptors were purified and analyzed on SDS gels. 
Comparison of gels 5 and 6 in Plate I shows that the unlabeled gene 23~-27~ extract, 
but not the gene 12~.23-.27- extract, prevented the subsequent association of P12.' 
from a radioactive gene 27~ extract, with gene 12~ acceptors. Gels 7 and 8 (Plate I) 
show that neither unlabeled extract promoted the association of a radioactive protein 
with gene 12~ acceptors. 

The interpretation of the experiment just described depends upou an important 
control; the concentration of Ti proteins in the two competitor extracts must be 
comparable for every protein except P12. The lysozyme activity was nearly identical 
in the two extracts ; the same was true for the concentration of tail fibers, as measured 
by quantitative in vitro complementation. Therefore, the conclusion that only P12 in 
an unlabeled extract can prevent the subsequent association of radioactive P12 with 
gene 12 * particles appears valid. 

In both the sweep and sweep-competition experiments (Plate I) P12 contained only 
a minor fraction of the total radioactivity associating with the purified particles. Since 
some phage heads from the radioactive extracts probably were purified together with 
the complemented gene 12~ particles, most of the radioactive bands on gels 3 to 8 
(Plate I) must represent head polypeptides. A second sweep experiment employing 
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labeled head'/tail- extracts was therefore performed. The results of this experimen 

f 90 i^ 5118 ^ " th ° 0nIy P 01 ^^ o^oleoular weight great* 

than 20,000 daltons (the lower limit of resolution of the gels) that is specMcallfSZ 
from gene 12* extracts and not from gene 12~ extracts. 
Because the experiments of this section have established P12 as a likely component 
t ? n WM Worfchwhile to establish the molecular weight of P12. The molecuki 
weight of P12 was estimated by comparing its mobility on SDS gels with the mobility 
of several protein standards (bovine serum albumin, catalase, y-globulin, a -amvlase 
malate dehydrogenase, chymotrypsinogen, cytochrome c, P23*, and P18 (Laemmli 
19/0)), and found to have a molecular weight of 55,000 ±5000 daltons. 

(e) Molecular weight ofparliaUy purified 12P 
A procedure has been described in Materials and Methods for obtaining 100-fold 
punned 12P (fraction VII). The elution volumes of fraction VII 12P from G200 and 
bepharose 4B gel nitration columns have been used to estimate the Stokes radius of 
the 12P and molecular weights have been calculated from the Stokes radii, partial 
specific volume (assumed to be 0-725) and sedimentation coefficient. 

Centrifugation of fraction VH on a 5 to 20% sucrose gradient containing 0-061 m- 
phosphate/0-01 M-EDTA revealed a sedimentation profile of 12P activity ^distin- 
guishable from that of a crude extract in BUM/EDTA (see Fig. 4), except that the 
pelleted taction was either absent or considerably reduced. The sedimentation co- 
efficient using catalase and alcohol dehydrogenase as calibration markers was 6-3 s 
similar to the value obtained for crude extracts sedimented in BUM/EDTA A slight 
leading edge was apparent on the 12P profile, as compared to the alcohol dehydro- 
genase sedimentation profile, suggesting that aggregation phenomena have not been 
entirely eliminated. 

The elution profiles of 12P activity from G200 and Sepharose are presented in 
Figures 6 and 7, respectively. Most of the gene 12 product appears as a single peak on 
both gels but it is apparent that a higher molecular weight species is also present- 
moreover, both major peaks have a pronounced trailing edge, suggesting that the 12P 
reversibly dissociates or participates in a weak association with both -els. By the 
method of Ackers & Steere (1967), the 12P molecular weight has been estimated as 
lo/ ,000 daltons on G200 and 108.000 daltons on Sepharose 4B. The large difference 
between the two estimates suggests that 12P associates with one or both -els .'more 
strongly with Sepharose 4B), so that 157,000 daltons is probablv a minimum estimate 
of the 12P molecular weight. 

Fractions 23 to 29 <md ±6 to 53 from G200 and Sepharose 4B, respectively were 
pooled and concentrated. When the protein content was estimated bv the method of 
Lowry et al. (1951), the 12P from G200 and Sepharose was found to be 830- and 430- 
fold punned, respectively. The concentrated 12P has also been analyzed on SDS -els 
(Plate III). Only one major band is apparent in the G200 fraction (gel 4) two kTthe 
bepharose fraction (gel 5), and three in fraction VII (gel 6). The high molecular weight 
band (gel 5) was faintly visible in the G200 gel analysis also, suggesting that the 
apparent difference between the Sepharose and G200 fractions might merely be due to 
the smaller amount of protein analyzed on gel 4. Autoradiographic analysis "of aels 1 to 
o on which mixtures of G200 or Sepharose 12P and "C-labeled gene 27 ~ extract were 
electrophoreses revealed that the major stained band of the G200 fraction {-el 4) 
and the corresponding band of the Sepharose fraction, migrate with P12 of the 
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-J^Li 7" f ut0 ^f Q f ama ° f SDS Eela of « C,!E 17 ' S« ne 12 '- 2 "- i»ft»hK> odb. re- 
r Uet ) ?vL? > and t 4 - S «;eep experiment: 2-5x]0» accepter particles (N69-N104 acceptor 
pellet) were complemented wtth 0-33 ml. of gene 2T or gene 12-. 27- »C-labeled BUM extracts 
(00 concentrated). The complemented particles were then purified by differencial oantriSS 
una ; tl,one «d,m CD t i I, recover, , radio c n r 3 , as ~ 1 % and the rec every of ofu 
; ' ' ' 7 pi lleted. reauspended m SDS sample buffer, dissociated at 100 3 C, and 

me^Jd oar"ic£ * ^ OTm P le,uen * d P°"^= gel 4, genes 12--27' comple- 

Conditions: - hr at 30 3 C; BUM/chloramphenicol (90 pglml.). 
- .' J vT n u' 0 , 8 ' "^P-competition experiment: acceptor particles (N8D-N104 acceptor pellet) at 
' ™' B complemented wuh equal volumes of gene 2S--27- or gene lS-.g3-.07- 

' , Pict " 1 Sen- 23- 27- was sufficient co saturate the gene 12~ particles. The 
complemented particles were then diluted -S.fold and portions containing 5-6 xW" particles 

Tabid flmT emed a ?-^° Dd time 1Vith °' 33 - ml - P° nionB of S«"« 37" or gene 12:27- »C- 
labeled B CM extracts ( o 0 x concentrated). The particles were diluted 7-fold in HT2 medium, 
ZhW U?t a ^r > a l deSonbed f ° r the experiment, except that 0-35-ml. samples wer 

applied to .he SDS gels. Durmg pamcle purification the recoveries of plaque-forming unite raneed 
, ! 1 i ^activity varied f rom 2 to 5%. Gel S: computation 

labeled gene .V"; gei S: complementation 1, gene 
c ,L , r , 1 Clabeled 37-, gei 7: complementation 1, sene -'3--27-, com- 

piementati u r 1 , one ,;-. 2T -. gel s . oom pi emell t 0 tion 1, "gene 12~.23-.->7- 

cumplementation 2, '"C -labeled gene 12--27-. 

Conditions: 2 hr at 30 C; BUM/chloramphenicol (30 to 100 pg/ml.}. 
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Flo. 6. (a) G200 gel filtration of partially purified 12P : 2-0 ml. of fraction VH (Table 1, expt 1) 
was layered on a G200 column equilibrated with 0-061 ir-phoBphate/0-01 M-EDTA. 100-drop 
fractions (3-5 ml.) were colleoted at a flow-raw of 10-4 ml. /nr. The total recovery of 12P in fractions 
17 to 34 was 72%, of which 9-2% was in fractions 17 to 22, 68% in fractions 30 to 34, and 56% in 
fractions 23 to 29. The elution volume (peak fraction) of various calibration markers have been 
indicated and on elution profile for catalase has been plotted (flow rate 10-5 ml./hr). 

12P; — O — O — . catalase. CAT, catalase; AD, alcohol dehydrogenase; BSA, 

(b) Complementation of G200 fraction 25 12P with purified acceptor (N69.N104). Two series of 
donor dilutions were complemented with CsCl purified gene 22" particles and the average in vitro 
complementation has been reported in the Figure. 

Conditions: 0-1 ml.-0-l ml.; 2 hr at 30'C; BTOI/BSA (50 ^g/ml.)/chlorampheuicol (50 jjg/ml.) 

Plating bacteria: CB63 

I4 C-labeled extract. P12 is therefore the major high molecular weight polypeptide of 
the active gene 12 product suggesting that 12P contains at least two P12 subunits. 
Intracistronic complementation between temperature-sensitive mutants of gene 12 
ha3 been observed (Edgar el al., 1964) and interpreted to mean that the active form of 
the gene 12 product is multimeric. Since the analysis of the stained gels did not extend 
below a molecular weight of 20,000 the possibility that ISP contains additional low 
molecular weight components may not be eliminated. 

(f) Gene 12 in vitro complementation reaction is non-catalytic 
The following experiment asks whether 12P activity remains following in vitro 
complementation with an excess of gene 12~ particles, A series of 12P dilutions were 
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Fig. 7. Sepbarase 4B gel filtration of partially purified 12P. The procedure is as described in the 
legend to Fig. 6(a), except that the column was eluted at 14-2 ml./hr. The recovery of 12P in 
fractions 33 to 60 -was 74%, of which 2-4% was in fractions 33 to 44, 10-6% in 45 plus 54 to 60, and 
61 % in 40 to 53. 

— 12P; — O — O— . catalase. TYMV, turnip yellow mosaic virus; AD, alcohol 

dehydrogenase; CAT, oatalase. 

complemented with gene 12 - rdf acceptors and, after an incubation period suitable for 
the in vitro reaction to go to completion, the reaction systems were tested for surviving 
12P activity in a second complementation with N6D-N104 acceptors. The results of 
the second inoubation were assayed by plating on S26RIE, which is non-permissive 
for N69-N104 nff phage. 

These results, together with appropriate controls, are presented in Table 5. Compari- 
son of columns 5 and 8 reveals that at the highest 12P donor concentration, incubation 
with N69-N104 rdf removed at least 37% of the 12P donor activity (assuming a second- 
order dilution curve at these I2P concentrations which, since the acceptor was almost 
saturated, probably underestimates the differences in 12P activity); at the next 
highest 12P concentration X69-N704 rdf removed the entire 12P complementing 
activity. A twofold drop in 12P concentration caused a drop in complemented titer 
250-fold greater than expected (i.e. 1000-fold rather than 4-fold; cf. columns 5 and 8, 
Table 5). This fact suggests a non-catalytic reaction mechanism. This result is, of 
course, consistent with the sweep and sweep-competition experiments (Plate I). 

(g) Stoichiometry of 12P in vitro complementation 
Since the in vitro complementation reaction appears to be non-catalytic, the reac- 
tion can be analyzed quantitatively to determine the number of molecules of 12P 
required for activation of a gene 12 - particle and the number of 12P binding sites on a 
gene 12 ~ particle. To make this analysis the following assumptions were made: (a) 
binding sites are independent and attachment irreversible; (b) the 12P is well denned 
(e.g. not in equilibrium with various active and/or inactive states); (c) only one 
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molecule of 12P may attach at a binding site ; (d) the equilibrium and kinetic reacfck 
are a function of the 12P and gene 12' particle concentrations only, i.e. there aro rio,"/,V 
other species required for 12P in vitro complementation. The results of this study, 
described below, reveal that two molecules of 12P per acceptor are sufficient tq,,V*' 
activate, albeit at low efficiency, and that a gene 12~ particle contains three or more/ - 
12P binding sites. 

(i) The equilibrium reaction ',.'V . 

In order to study the equilibrium reaction (i.e. 2 hr at 30°C), in vitro complementa- , . , 
tion was measured at a fixed 1 2P concentration by varying the concentration of gene 
12 ~ particles; this technique avoids the problem of possible dilution inactivation of , 
the 12P since the entire assay is done with a single 12P dilution. The results are,»S|b 
presented in Figures 8 and 9. In Figure 9 the data have been normalizedfor comparison 
with standard 12P dilution curves (cf. Fig. 2), yielding a typical curve of slope minus 
two. This behavior. suggests that particles which have bound two 12P's have a finite^S^" 
plating efficiency whereas those which have bound only one have an insignificant 
plating efficiency which, for subsequent analysis, has been assumed to be zero. 

In Figure 8 the complemented titer is plotted as a function of the gene 12~ particle 
concentration. At high gene 12' particle concentrations the complemented tatefc^^Sv 




Fig. 8. Stoichiometry of in vitro complementation: the equilibrium reaction. N69 and gene 
23--27- extraots were diluted 3-fold with buffer (BTJM/cWorampheniool (50 jig/ml.)); for sub- 
sequent discussion, these have been defined as undiluted extracts. The N69 extract was clarified, 
while the gene 23~ -27' extraot was first incubated with 0-025 M-EDTA for 15 min at 30°C and then 
clarified. 

Various dilutions of N69 were prepared as indicated in the Fig. and 150-fold diluted gene 23~- 
27' extract was added to initiate the in vitro reaction. The data are expressed after subtracting the 
acceptor background ; the results here and in Table 6 are the average of duplicate reaction ma- 
tures. The solid line was drawn with slopes of +1 and —1 as an approximate fit to the data (3); 
the 4-1 lino passes through a data point (not shown) for N69/10* versus gene 23' -27' extract/150. 
The dashed lines are for'various models described in the text. (6) is calculated for a 0-site model 
with c 2 =0"J, 0;, = 0-0; ((6)) is calculated for a 6-site model with c 3 =0-05, c 3 = 0-5. The arrow marks 
the equivalence point determined from the data of Table 8. 
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Fig. 9. Stoiohiomotry of in vitro complementation: the equilibrium reaction. The complementa- 
tion in the Figure. 



decreases almost linearly with increasing acceptor concentration; moreover, the 
results of a control in which T4 + was incubated with gene 12' particles show that the 
decrease in complemented titer is not explained by inaetivation of phage by gene 12 ~ 
particles (Mason, 1971). The data have therefore been compared with specific models 
by assigning the number of 12P binding sites, calculating the probability that an 
acceptor has received a given number of 12P'b at discrete 12P to acceptor ratios, and 
summing the probabilities for each number of bound 12P 's multiplied by assigned 
plating efficiencies c, to give the fraction of acceptors which have been converted to 
plaque-forming units. In this formulation the probability for exactly r bound 12P's is 
(Feller, 1957): 

'<H:)(;::h0- 

where a is the total number of 12P binding sites in the population of acceptors, 5 is the 
number of 12Ps, and x is the number of binding sites per acceptor. In order to make a 
comparison between the data and the models it was necessary to determine the number 
of phage equivalents of 12P used for the experiments of Figures 8 and 9, and this 
determination is elaborated in Table 6. 

Model calculations were made for x = 2,3,4,6 and 8, with c„ = Cj = 0; c a = c 3 = 
c i — c 5 = c e = 1. Amodelfors = 6,c 0 = c x = 0, c 2 - 0-2, e 3 = 0-6, c 4 = c s = c B = 
1 has also been considered (Fig. 8). Since in the determination of the phage equivalents 
of 12P (Table 6) the amount of 12P absorbed by gene 22" particles may have been 
overestimated due to processes other than in vitro complementation acting upon free 
12P (e.g. absorption to glass), the complementation data of Figure 8 may have to be 
shifted somewhat to the lower left to give the correct comparison with the models. The 

x = 4,0, and 8 (c a == c 3 = c. = 1) models may therefore be discarded, but the 

x = 3 and x = 6 (c 3 = 0-2, c 3 = 0-6) models may not yet be eliminated, and it seems 
likely that models with x = 4,5,6, etc. could be adjusted to fit reasonably the data by 
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Table 6 

Stoichiometry of in vitro complementation: the equilibrium 
Removal of 12P by complementation urith gene 12" particles 



a. First complementation 

(1) N69-N104 rdf 23--27-/1000 

(2) N69.N104 rdf 23--27-/5000 

(3) N60-N104 rdf Buffer 

(4) N69-N104 rdf N09/400 

(5) N89/400 Buffer 

(6) N09/400 23--27-/150 



(1) N09-NI04 rdf N69/400 X23--27-/150 1-92X10 7 6-2x10° 

diluted 8-fold after 
2 hr Bt 30°C. 

(2) Buffer 1-13x10' 7-4x10° 
The extracts used ore desoribed in the legend to Fig. 8. 

An N69-N104 rdf lysate waa dilated 10-fold for complementation with an equal vol. of 12P 
donor. Estracta were complemented for 2 hr at 30°C (first complementation) and then diluted as 
indicatedfor complementation with N69-N104 rdf (second complementation). The plating efficiency 
of complemented NB9 on S26R1E was determined to be 62% of that on CK63 (lines a(6) and b(2)). 
Using this correction to compare tie complementations of nnadsorbed (lines a(l) and (2)) and 
pre-adsorbed I2P (line b(l)) with N69-N104 rdf indicates that approx. 52% of the 12P was re- 
moved by the first complementation with N69/400. 

manipulation of the plating efficiencies c,. The small plateau at the peak (Fig. 8), if 
real, eliminates the x = 2 model. The acceptors must therefore have more than two 
12P binding sites, bnt determination of the exact number of binding sites by this 
technique is probably not feasible because the plating efficiencies c, may be a function 
of the number and pattern of occupied sites. 

(ii) The kinetic reaction 

The kinetics of in vitro complementation were measured by following the time 
course of appearance of plaque-forming units when 12P is in appreciable excess over 
gene 12~ particles; in subsequent discussion the 12P concentration is assumed to have 
remained constant throughout the reaction. At indicated times the complementation 
of gene 12~ particles was terminated by adding portions of reaction mixture to a large 
excess of 12 ~ rdf particles; plating on S26E.1E selected against any 12~ rdf particles 
that had been activated. Further details of the kinetic experiment are described in 
Figures 10, 11 and Table 7. Eesults shown in Figure 10 reveal that with 100-fold 
diluted donor extract the 12P concentration remained constant throughout the first 
half of the reaction. This 12P activity was at a 10- to 100-fold excess over acceptor (see 
Mason, 1971). N69-N104 rdf particles at the concentration used to terminate the 
kinetic reaction did not appreciably inactivate phage (complemented 12' particles or 
T4, Table 7 and Mason, 1971); however, it was noted that the final complemented 
titer in the kinetic experiment (Fig. 10) was only 8 to 9 x10 s , whereas the controls 
(Table 7) predicted a final titer greater than 10 a . 




Fia. 10. Kinetics of in vitro complementation. The aoceptors for in vitro complementation were 
N69-N104 and N69-N104 rd/ acceptor pellets; the donor was a gene S3' -ST extract which had 
been incubated with 0-026 st-EDTA for 15 min at 30°C, clarified for 10 min-SK-SSai and then 
for 40 min-20K-30 rotor. The kinetic measurements were mode in a cold room (4 to 7°C) in a water 
bath at 11-6°C. Pipets were chilled before use. The complementation reootion was initiated by 
mixing 2'5 ml. of donor with 2-5 ml. of acceptor. At the indicated times 0-2-ml. portions of reaction 
mixture were pipetted into 1-0 ml. of N69-N104 rd//40 (at 11-6°C) and the "stopped" reaction 
mixes were then incubated 2 hr at 30°C. The kinetic data has been expressed after subtracting tho 
t — 0 background. A measurable amount of in vitro complementation of genes 23~-27~ extract/100 
with N69-N104 rd/ occurred (as measured on CR03) and was used to define this donor's concentra- 
tion versus time; the 16-aeo sample was assigned o 12P activity of 1 unit/ml., giving the f — 0 
sample a relative activity of 1-22 units/ml. 

(•), Kinetics-{23--27-/100 versus NC9-N104/20,000) ; (O). 12P activity; (A) kinetics-(2J-- 
27-/1000 versus N69-N104/20.000) 

Conditions: BTXM/BSA (50 ug/ml.)-chIoraraphenicol (50 >ig/ml.) 



In order to evaluate some simple models for in vitro assembly, their kinetics have 
been calculated and are plotted, together with the kinetic data from Figure 10, in 
figure 11. The differential equations used, for instance, for a sis-site model were 
(1) d(JP)/d* = 6xi X (A) (P); (2) d(JP.)/d( = 5 x k X (AP) X (P), . . . , (6) 
d{AP g )jdt = k X (AP 5 ), where A is the gene 12~ particle concentration, P the 
concentration, of unbound 12P, and k the intrinsic forward rate constant ; we have 
assumed that all dissociation constants are zero and that P remains constant through- 
out the reaction. Plating efficiencies c, have been assigned as indicated. 

The one-site model (x = 1) is clearly inappropriate, as is the two-site model (Fig. 11). 
The two-site model with = 0 may also be eliminated since, for all values of 
(AP 2 )jN 0 (N 0 = final complemented titer), the rate of accumulation of plaque- 
forming units will be proportional to the number of acceptors with one bound 12P 
UP) ; if is finite then AP will be less, for all values of (-4P 2 )/iV 0> than if h. , = 0, 
and the rate of appearance of plaque-forming units (AP*) will therefore be reduced. 

A sis-site model ((6)), with plating efficiencies c, taken from the study of tail fiber 
attachment by Wood & Henninger (1969), has also been plotted inFigure 11, giving a 
reasonable fit to the data; increasing c 3 or decreasing c a would improve the fit. In 
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Flo. 11. Complementation kinetics: comparison with models. The heavy line (line 3} hag been 
traced from Fig. 10 (23--27-/100). Linea I and 2 were oaloulated for 1 and 2 attachment sites, 
respectively. A aix-site model ((6)) with c a = 0-05, c 3 = 0-5, c t = c. = = 1 is also shown (O). 
All calculations assume 8 X 10 5 /ml. as a final complemented titer. 

For I = 13 min, when the reaction was 10% complete, lines 1, 2 and 3 indicate titaraof 8 X 10 4 , 
8-8 X 10* and 8 X 10*/ml., respectively. 

Figure 8 these plating efficiencies were used to determine an equilibrium curve for in 
vitro complementation, and comparison with the equilibrium data suggestB that the 
plating efficiency c a may in fact he greater than 0-05. Substituting c a = 0-2, 03 = 0-6 
into the sis-site kinetic model gave a poor fit to the kinetic data, suggesting Ca may be 
less than 0-2. 

Because of the scatter in the data for the equilibrium and kinetic experiments we 
havenotattomptedtoevaluate3-,4-or 5-site kinetic modelsto determine whether they 
can be adapted to describe both the equilibrium and kinetic experiments. 

The kinetic data imply, in agreement with the equilibrium data, that gene 12~ 
particles muBt have at least three 12P binding sites. 

(h) IIP does not sediment at low speed 

Simon et al. (1970) have published evidence that genes 11~ and 12~ particles are 
defective in the attachment of the short tail fibers to the bacterial surface. The binding 
of 12P to cellular debris may therefore have a functional significance. Thus the low- 
speed centrifugation properties of IIP have been examined; when a gene 23" -27" 
extract was clarified all of the IIP in vilro activity remained in the supernatant while 
70% of the 12P activity was found in the pellet fraction. 

4. Discussion 

Examination of gene 12~ particles complemented with labeled donor extracts by 
SDS gel electrophoresis on polyacrylamide gels has suggested that P12 is the only 
polypeptide of molecular weight greater than 10,000 to 20,000 daltons which is 
specifically bound by 12~ particles (Plates I and II) ; moreover, P12 appears to be the 
only polypeptide of greater than 10 to 20,000 daltons molecular weight which is 
missing from 12~ extracts (Plate I; Mason (1971)). 




If 12P is the only macromolecule required to activate purified gene 12~ particfi 
then purified 12P should activate purified gene 12~ particles. It has been shown tl 
partially purified 12P complements CbCI purified acceptors (Fig. 6); in addition, this".'- 
partially purified gene 12 product has been resolved as a single major band on SDS gela 
which migrates identically to P12 (Plate Id). 

It may be argued that the observation of complementation of purified 12P 'wi;U 
purified acceptors mentioned above required a third component -which was present as & . • 
contaminant of the purified preparations. If this hypothetical component were '* 
required in stoichiometric quantities then we might expect the amount of this 
component present in the purified preparations to limit the observable in ^ns8|fe5 ' 
complementation. The specific activity of the partially purified 12P has therefore bean 
calculated from the data in Figure 6(b). The equilibrium models for in vitro compia- . : 
mentation [(6) and ((6)) of Fig. 8] and the estimated molecular weight of the 12§|||p " 
(1-67 X 10 6 daltons), together with the methodology of Ward ef al. (1970) have been 
used in these calculations. According to model (6) fraction 25 (Fig. 6(a)) contained V 
2-25 /ig of 12P/ml., while model ((6)) predicts 3-31 /tg of 12P/ml. in fraction 25. The V„ 
protein content of the 12P peak (fractions 23 to 29, Fig. 6(a)) was determined (Lowry 
etcd., 1951) and the protein content of individual fractions calculated by assuming that ", 
protein distributed in direct proportion to 12P aotivrty. The protein content of .,V_'' 
fraction 26 was 4-75 /xg/ml. Assuming that the colorimetric assay (Lowry ef al., 1951) " ; r 
gave a meaningful estimate of protein concentration, the 12P accounted for 50% or ' I 
more of the protein in fraction 25. . 

The high specific activity of the purified 12P determined by complementation wriii . 
purified gene 12~ particles suggests, together with the purification data, that the in ~ 
vitro reaction may only involve 12P and gene 12~ particles as participants. It is also 
worth noting that a standard 12P dilution curve was obtained with the purified 
components (Fig. 6(b)). - 

In vitro complementation has also been utilized to study the stoichiometry of the 
interaction between the gene 9 product and the T4 base plate (Flatgaard, 1969); the 
requirement for 9P was found to be quantitatively similar to the 12P requirement. 

Israel, Anderson & Levine (1967) have used in vitro assembly to study the mor- Hi 
phogenesis of the tail of phage P22. The P22 tail consists of a short tube to which are 
attached sis spikes and spikeless particles were obtained which could be complemented 
in vitro by available spike donors. Analysis of the data from experiments similar to 
those presented in Figures 1 and 8 lead them to conclude that three or more tail parts 
are required to activate the spikeless particle. 

Edgar & Lielausis (1968) showed that 12P acts on the base plate or core-base plate 
of T4. The experiments of Simon ef al. (1970) demonstrated that 12P is required for 
proper attachment of the short tail fibers to the cell surface and/or for coupling base 
plate attachment (to the cell surface) with injection of the phage DNA; however, , 
because the short tail fibers of genes 11~ and 12' particles were of normal dimensions 
(20 A x 400 A) these experiments did not reveal whether IIP or 12P were fiber 
components. Tanagida & Ahmad-Zadeh (1970) discovered that 12P specific antibody 
binds to the bottom of the T4 base plate, suggesting that the base-plat e-associated 12P 
i3 exposed to antibody. Although the specific physiological role of the 12P is unknown 
we note that the possibility that 12P acts to fasten the short tail fibers to the cell 
surface is suggested by its apparent binding to cell debris. 
If 12P interacts directly with the bacterial surface, host range mutations might he 
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found in gene 12. Snch mutants of Ti have been found in genes 7 and 8 (B. S.Edgar 4 
S. Beckendorf, personal communication), both of which are necessary for base plate 
synthesis, suggesting that more than one species of base plate protein may be directly 
involved in the interaction between the base plate spikes and the cell surface. If host 
range mutants are not found for gene 12 it will be reasonable to conclude that either 
12P does not interact with the cell surface during absorption/injection, that 12P binds 
to an invariant portion of the cell surface, or that its binding has a low specificity 
requirement. 

This work was supported by research grant AI-09315 from the U.S. Public Health 
Service. One of us (W.S.M.) was a predootora! trainee of the U.S. Public Health Service 
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The Short Tail-Fiber of Bacteriophage T4: Molecular Structure 
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Electron microscopy, image processing, and computational sequence analysis were used to investigate the struc- 
ture of the short tail-fiber of bacteriophage T4. This molecule, an oligomer of gp1 2, is an adhesin that binds the virion 
irreversibly to the bacterial surface. Short tail-fibers were isolated from mutant-infected cells In which gpl 2 is synthe- 
sized and assembled correctly, but not incorporated into virions. Visualized in negative stain, these filamentous mole- 
cules are -38 nm in total length, with an arrowhead-shaped head (-10 nm long by 6 nm wide), a 24-nm shaft of 
uniform width (-3.8 nm), and a small, seemingly flexible, tail. The primary sequence contains a domain consisting of 
tandem quas,-repeats. each about 40 residues long, extending from -residue 50 to residue 320. Molecular mass 
analyses by scanning transmission electron microscopy confirm that the molecule is a trimer. The masses of the head, 
istent with (trimers of) the carboxy-terminus, the repeat region, and the ammo-ter- 
"lil-fibers are visualized extending from baseplates, their heads are distal, i.e., de- 
:t with the baseplate. Analysis of the molecules' curvature 



shaft, and tail domains 
minus, respectively. When s! 
tached. implying that it is the tail that remains in o 

properties detects three hinge-sites: these suggest how the short tail-fiber may be initially accommodated in" a 
pact conformation in the "hexagon" state of the baseplate, from which it converts to the extended conformation when 
the baseplate switches into its "star" state, c 1993 Acaoemic Press, in: 
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INTRODUCTION 

ntection mechanism' of bacteriophage T4 i 



terns with receptors on the host cell surface (Goldberg, 
1 983). These proteins are, respectively, called the long 
and the short tail-fibers. The virion has a complement 
of six of each , symmetrically disposed around the base- 

latr : : ■'<•- z-y?r <.:= hr-r-'eog-v-ior and "ie.; 
-vrjsrviic ; r -? ;3;'-::oers are responsive for 
the initial, reversible, attachment of the virion to the 
host cell. After at least three long tail-fibers have 
bound, the short tail-fibers bind irreversibly to their re : 
ceptors. When the tail-sheath subsequently contracts, 
the short tail-fibers serve as inextensible stays that pre- 
vent retraction'of the phage particle from the cell sur- 
face and thus ensure that the tail-tube penetrates the 
cell envelope (Kells and Haselkorn, 1 974). 

The short tail-fiber is composed of a single structural 
protein, the product of gene 12 (gp12) (Kells and Ha- 
selkom,-1-€74), Based on its characteristics in gel filtra- 
tion and density gradient ultracentrifugation, the iso- 
lated protein has been deduced to be a trimer (Mason 
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ana Haselkorn, 1972). Electron microscopy of nega- 
tively stained and shadowed specimens has depicfed 
filamentous Particles o' 2.5-4. C nm \r. width ana 35 nm 
iN.eiis er a,.. 1975; or 42-54 nm (lorzopuios el al.. 
1 982! in length. Recently, the DNA sequence of gene 
12 has been determined, describing an open reading 
frame for a 527-residue polypeptide chain, with a pre- 
dicted molecular weigh; of 56.214 fSeiivanov er a!.. 

The short tail-fiber is thought to assume two distinct 
conformations (Crowther er al., 1977). Initially, it is in- 
corporated as an integral component of the baseplate 
in its "hexagon" conformation. In this state, the short 
tail-fiber must assume a compact structure, because it 
does not appear to extend beyond the periphery of the 
baseplate which has an outer radius of ~ 1 6 nm. Sub- 
sequently, when the baseplate switches to its "star" 
conformation, one end of the short tail-fiber remains 
bound to the baseplate, from which the remainder of 
the molecule, now at full length, extends (Crowther er 
al.. 1977). 

In the study reported here, we investigated the mo- 
lecular structure of the short tail-fiber by applying 
image processing techniques (Steven er al., 1988; . 
Kocsis era/., 1991) to electron micrographs of nega- 
tively stained specimens of purified protein, as well as 
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to unstained molecules imaged by dark-field scanning 
transmission electron microscopy (Wall, 1979; Wall 
and Hainfeld, 1986). The latter data admit mass mea- 
surements for individual particles, and this approach 
was used to determine the stoichiometry of the short 
tail-fiber. Moreover, after image averaging, these data 
were used to quantify the mass of each distinct struc- 
tural domain. These findings were combined with a 
systematic analysis of the primary sequence of gp 1 2 to 
yield a relatively detailed molecular model. 

MATERIALS AND METHODS 
Purification of short tail-fibers 

Ten liters of Escherichia coli B cells were grown at 
37° with vigorous aeration to a concentration of 4 x 
1 0 s cells/ml. At this time, the bacteria were infected 
with double amber mutant T4 (6amN1 17.23amHl 1) in 
genes 6 (which codes for a baseplate component) and 
23 (which codes for the major capsid protein) at a multi- 
plicity of 5 and reinjected S mm later at the serre : : • 
plicity. Ninety min after infection, the infected cells 
were harvested by centrifugation at 6000 g for 10 mm 
at 4°. The pellet was resuspended in 1 00 ml of buffer 
(0.1 /WTris-HCI, 1 mW MgS0 4 , pH 7.2), stirred for 20 
mm at 25°. and then homogenized by sontcsticf "0 
pulses. 30 sec each) with a Sonic 300 Dismemorator 
(Artek System Corp.). DNAase I (40 fig/ml) was added 
to the suspension, which was then incubated at 3 TS 
for 30 min before being centrifuged at 1 30.000 g for 30 
min at 4° . The pellet was resuspended in 1 00 ml of 0. 1 
/WTris-HCI buffer, pH 7.2, and recentrifuged. This pel- 
let was washed in 100 ml of 0.1 /WTris-HCI. pH 7.2, 20 
mM EDTA, incubated for 30 mm at 37°, and centri- 
fuged again at 1 30,000 g for 30 min at 4°. 

The last two supernatants were mixed, and ammo- 
nium sulfate was added to 43%. Proteins were precipi- 
tated overnight at 4° and collected by centrifugation at 
8000 g for 40 min. The pellet was dissolved in 1 0 ml of 
0. 1 M sodium phosphate, pH 7.2 (Buffer A), and loaded 
on a DEAE-Sephacel column (1.6 X 10 cm) preequili- 
brated with Buffer A. The column was washed with 5 
ml of Buffer A, and the proteins were eluted with 120 ml 
of a linear gradient of 0-1.0 M NaCI in buffer A. The 
short tail-fibers usually eluted at 0.18-0.20 M NaCI. 
The chromatography on DEAE-Sephacel was then re- 
peated. The final yield was ~2.5 mg of short tail-fibers 
at approximately 80% purity, as judged by SDS-PAGE. 
The most conspicuous residual contaminants were 
the proximal and distal parts of the long tail-fibers, en- 
coded by genes 34 and 37, respectively. 

The purified protein was active according to an in 
vitro complementation test in which T4 12" particles 
and purified short tail-fibers (50 jig/ml) were mixed: the 
plaque-forming titer rose from 6.5 X 10 7 /ml to 1.5 X 
10"/ml over the first 30 min of the reaction. 



Conventional transmission electron microscopy 
(CTEM) 

Negative staining of purified protein adsorbed to a 
thin carbon film was carried out essentially according 
to Valentine and Green (1 967). The stain used was ura- 
nyl acetate (2%). The specimens were observed with a 
Philips 400RT electron microscope. 



Scanning transmission electron microscopy (STEM) 

STEM microscopy was performed using the Brook- 
haven Biotechnology Resource instrument (Wall, 
1979; Wall and Hainfeld, 1986). To prepare freeze- 
dried specimens, purified gp12 at ~300 ng/m\ was 
diluted sixfold with buffer (10 mM Tris-HCI, 40 mM 
NaCI, pH 7.2) and then adsorbed to a thin (~3 nm) 
carbon film, according to the "wet film" technique 
(Wall er a/., 1985). Immediately beforehand, tobacco 
mosaic virus particles 'TMV) had been applied to this 
f:irri to Serve as 6 ma=: standard -Moses son e: si. 
198 1 j. Tne gna was washed 12 times with 10 m/W 
ammonium acetate. pH 7.0, rapidly quenched in liquid- 
N, slush, dried at a constant sublimation rate (con- 
trolled via soecimen temperature) over 6 to 8 nr. and 
then transferred under vacuum into the microscope. 
Digital micrographs (5 '■ 2 ■ 5 1 2 ci -eiS' .vere r-sccroea 
at electron doses in the range of 100-500 electrons/ 
nm 2 , which cause no significant mass loss from speci- 
mens maintained at -150° (Wail, I379i. Images used 
for mass measurements were recorded at a magnifica- 
tion corresponding to an inter-pixel step of 1 nm. 

Image processing 

CTEM negatives were scanned using a Perkin- 
Elmer Model 1 01 0MG scanning microdensitometer at 
a rate of 0.39 nm/pixel. STEM micrographs were re- 
corded directly in digital form. 

General image processing operations were per- 
formed using the PIC system of programs (Trus er al„ 
1993). operating on a VAX 3500 computer (Digital 
Equipment Corporation, Maynard, MA) with a Model 
9000 image processor (Gould Imaging & Graphics, 
Fremont, CA). Photographic output was obtained on 
an Imagecorderfilm recorder (Focus Graphics, Foster 
City, CA). 

Particles were selected for analysis according to the 
following criteria, but otherwise without bias. They had 
to be (i) fully embedded in a continuous (i.e., non-gran- 
ular) stain layer; (ii) not sharply kinked or' broken (the 
straightening algorithm can only be expected to com- 
pensate reliably for smoothly varying curvature); and 
(iii) free-standing, i.e.. not completed with other parti- 
cles, crossing them, or extending beyond the field of 
view. All such particles were straightened by means of 



a two-dimensional cubic splines algorithm, which also 
calculated a curvature profile for each particle (Steven 
et al., 1986; Kocsis et al., 1991). The nodes used for 
straightening were determined using a low pass-fil- 
tered representation (covering the range 0.12 to 0 3 
nm"') and then applied to the original (unfiltered) 
image. Curvature was given as the change in direction 
of the tangent to the particle centerline, from pixel to 
pixel (Fraser et al., 1 990). After straightening, the parti- 
cles were brought into axial alignment by cross-corre- 
lation techniques. To calculate the requisite offset a 
low pass-filtered version of each straightened image 
was used, as described above. Sets of aligned images 
were then- normalized (constant mean and variance- 
Carrascosa and Steven, 1978); analyzed by multivar- 
iate statistics (van Heel and Frank, 1981), using the 
"principal components" formalism (Unser etal 1989)- 
screened to eliminate outliers by the OMO algorithm 
(Unser et al., 1 986); and averaged. Resolution was as- 
sessed according to the SSNR criterion (Unser et al 
1987). The. statistical analyses were cerf-.rrv..-j 
images whose dimensions < i 50 by 24 pixels - 5- \ Zy 
9.3 nm) were cropped relatively close to the edoes of 
the molecules. For visual display, somewhat larger 
images ( 1 70 by 40 pixels) were used. 

The average curvature profile was calculated after 
•axial alignment (Fraser e. r a/.. 1990; Kocsis e' *• ' 
1 he negatively stained data were used for this purpose 
on the grounds that their higher resolution (see Re- 
sults) should allow more accurate definition of the car- 
tides' centerlines. In measuring dimensions from aver- 
aged images, the edges were defined as the pnmts at 
which density fell to 25% of its maximum above back- 
ground. 



Analysis of amino acid sequence of gpl 2 

The cDNA sequence of gene 1 2 predicts a 527-resi- 
due polypeptide chain, with a molecular weight of 
56,214 (Selivanov er at., 1990). The predicted amino 
acid sequence has been confirmed by determining the 
first eight residues of the purified protein, which also 
indicated that the f-Met residue is not present (V V 
Mesyanzhinov, unpublished). 

Secondary structure predictions (Gamier er al 
1978; Ptitsyn and Finkelstein, 1983), hydropathy pro- 
files (Kyte and Doolittle, 1982), and flexibility profiles 
(Karplus and Schulz, 1985) were calculated on a VAX 
3500, and matrix homology analysis and homology 
searches using the GENEBEE program (Brodsky era/., 
1991; Combee, Moscow, Russia) were calculated on 
an IBM PC-AT 386 computer. The reference data base 
was Swiss-Prot (release 2 1 ). Use was also made nf the 
AASAP program kindly made available by Dr D A D 
Parry. 



MOLECULAR STRUCTURE OF T4 SHORT TAIL-FIBER 



RESULTS 

Structural analysis of purified short tail-fibers 

A field of negatively stained molecules is shown in 
Fig. 1 and a gallery of representative specimens at 
higher magnification in Fig. 2. These filamentous parti- 
cles are typically 3-5 nm in width and 35-40 nm in 
length and have a polar structure in that a globular 
"head" is reproducibly obseived at one end, but not 
the other. 

To put these observations on a more quantitative 
statistically defined, basis, they were analyzed by 
correlation averaging (Steven era/.. 1988; Fraser era/ 
1990). First, since these molecules generally exhibit 
substantial, and variable, curvature, they were compu- 
tationally straightened and then aligned to bring them 
into a standard frame of reference. In all, 287 randomly 
chosen particles were processed in this way. These 
irT >ages ver i ec) b multivg-a statistics 

ana subjected to 5 screening procedure (OMO— 
Unser er al., 1 986) to eliminate particles that were 
anomalously different from the bulk of the data. The 
statistical analysis gave no indication that the data set 
contained more than one c'ass of pan-ciss. cons.s-««- 
"" ■~'-y- s "- r 'Sac-.ed trom ■. s„al appraisa. 3: 
tne images. 1 ne OMO analysis approved 19? (67%) of 
the straightened particles, which were -hen aversaea 
i^gs. 3a-2c,. 1 he resolution ct the resultino .maae 
(Fig. 3c) was 2.4 nm. 

Filamentous panicles generally flatten on the elec- 
tron microscope grid and thus are viewed in a standard 
orientation (side-on). However, they mav be expected 
to present more than one projection, i.e.', to be viewed 
from different angular settings around their axis The 
failure of our statistical analysis to pick out discrete 
classes suggests that the information content of the 
unprocessed images is insufficient to distinguish be- 
tween such orientations. Accordingly, the averaged 
images (Figs. 3a-3c) represent the cylindrical^ aver- 
aged lateral projection of the short tail-fiber, it consists 
of several discrete domains: a globular head, a shaft 
that is uniform in width (-3.8 nm) and is 24 nm long 
and a short, tapering "tail." The total molecular length 
is reproducibly 38 nm (cf. Figs. 3a and 3b). The dimen- 
sions of the various domains are given in Table 1 . Mid- 
way- along the shaft is a constriction that although 
slight is consistently observed in two independent 
averages (Figs. 3a, 3b, 4a) and which we therefore con- 
sider to be a genuine feature. Even at the present lim- 
ited resolution, the head is clearly not spherical but is 
somewhat elongated, with the shape of an arrowhead 
. Most molecules exhibit some curvature and many 
are kinked, with the most frequent kink-site occurring 
approximately half way along the molecule (see Figs 
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' Fig. 1 . Electron micrograph of purified T4 short .ail-fibe 

1 ?) To analyze these properties in a more systematic 
w'aV the curvature profiles generated by the straight- 
ening procedure were averaged. The resulting proti.e 
(Fig 4c) indicates that there are no completely rigid 
ii e cuivature-free) segments of the molecule and mo. 
ihehead is more rigid than the tail, which contains 
three particularly susceptible sites (arrows)^ As ex- 
pected, the major hinge-site lies near the midpoint of 
the shaft and coincides with the slight constriction ob- 
served in the averaged image (cf. Figs. 4a-4c); tne 
other two are located at the junctions between head 
and shaft and between shaft and tail. 



Determination of molecular mass and stoichiometry 
from STEM micrographs 

To determine the mass and hence tne stoichtcmeuv 
of the short tail-fiber, we analyzed dark-field S i EM mi- 
crographs of unstained specimens (Fig. 5a). The two- 
d.mensionai integral of the density associated with an 
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Fig. 2. Gallery of short tail-fibers, showing 
morphological types. Bar = 30 nm. 



examples of recurring 




Fig 3 Computer-averaged representations of T4 short tail-fibers: 
(a -c) are from negatively stained specimens; (a) and (b) are separate 
averages from two independent sets of images and ^<*%*K 
ibility (c) is the global average, from combining (a) and (b). (d) was . 
Sled by averaging dark-field STEM micrographs of unst amed 
irozan-dned, molecules. According to our analyse (D.scuss.on). th« 
short ta.f-f.ber is 5 ir.rher of gpi2 Art. tre three ootypept, - 
arranged parallel arid .n-regis.er, with the am.nc term*., a: Jie lef, 
hand end (tail). Bar - 30 nm. 



MOLECULAR STRUCTURE OF T4 SHORT TAIL-FIBER 





TABLE 




Dimensions and Masses o 


Various Domains 


of the T4 Short Tail-Fiber 


Molecular dimension 






(nm) 


CTEM 


STEM 


Total length of short 






tail-fiber 


37.7 


32.2 (mass = 167 kDa) 


Length of shaft 


23.6 


19.1 (mass = 86 kDa) 


Length of head 


10.4 


12.0 


Length of tail 


3.7 


2.1 (mass = 21.0 kDa) 


Length of head-proximal 




part of shaft 


11.0 


10.0 (mass = 45.5 kDa) 


Length of head-distal 




part of shaft 


12.6 


9.1 (mass = 40.5 kDa) 


Width of shaft 


3.8 


4.3 


Width of shaft at 






constriction 


3.3 


4.0 


Width of head 


5.9 


5.8 



Note. The dimensions listed were determined from the global 
average images (Figs. 3c_and 3d, respectively), as described under 
Materials and Methods. I he domainal masses were determines by 
Trat'OS ; ~'5 ter-Sit;, cresen! ;n the c-rresconj,ng r» s ,.;ns ;• z ,z 
— ?r,a ai.rr ted si moiecul h • -r - 
5b). 



individual molecule provides a measurement of its 
mass. The resulting data are histogrammed in Fig. 5b 
The distribution of measurements is symmetrical, sug- 
gesting a homogeneous population of molecules. The 
average mass is 167 kDa (SD = 21 kDa; SEM = 2 kDa- 
N =167). 

Since the gp 1 2 monomer has a molecular weight of 
56, 1 1 4 (Selivanov et a!., 1 990), the STEM -derived mo- 
lecular mass translates into 2.97 subunits'(±0.37 SD; 
±0.03 SEM), i.e., a trimer, corroborating the conclu- 
sion of Mason and Haselkorn (1972). Since the mole- 
cule has a polar structure (Fig. 3), we infer that its three 
polypeptide chains are associated in parallel and in reg- 
ister. Theoretically, a configuration of "two up/one 
down" would also give a polar structure, but we reject 
t' alternative both because it predicts heads at both 
ends — which is not observed — and because it corre- 
sponds to a nonequivalent bonding arrangement (Cas- 
par and Klug, 1962). 

Masses and dimensions of structural domains 

The STEM micrographs were also analyzed by 
correlation averaging. The average of 145 OMO-ap- 
proved images (out of an initial set of 1 53) is compared 
with the negatively stained representation in Figs 3c 
and 3d. Although the resolution of the STEM image is 
considerably lower (4,0 nm versus 2.4 nm), it matches 
the negatively stained rendition in almost every re- 
spect, except that the shaft is slightly shorter. Limited 
shrinkage has previously been observed on other 
freeze-dried specimens such as groups-of-nine hex- 



ons from adenovirus (Furcinitti et al„ 1 989), and the 
relative reduction in shaft-length of the short tail-fiber 
after freeze-drying may represent a similar effect. The 
close agreement between the two different representa- 
tions lends confidence that no substantial pieces of 
gp1 2 have been camouflaged, either by positive stain- 
ing or disordering, in the negatively stained averaged 
image. 

The mass of each morphologically distinct domain 
was determined by integrating the density contained in 
the corresponding area of the averaged unstained 
image (Fig. 3d). Thus the mass of the head was esti- 
mated to be 61 kDa (3 X 20 kDa); the shaft, 86 kDa (3 x 
29 kDa); and the tail, 20 kDa (3X7 kDa). The slight 
constriction observed about half way along the shaft in 
the negatively stained representation is also discern- 
ible in the STEM image (Figs. 3d and 4b). The shaft 
segment adjacent to the head was estimated at 45 kDa 
(3X15 kDa) and the segment adjacent to the tail at 
40.5 kDa (3 x 1 3.5 kDa). The dimensions and masses 
of the various domains are summarized .r T a<: e • 

Orientation of the short tail-fiber in its extended 
conformation 

When visualized extending from the T4 base-olate, 
:r>e s-ort caii-ncer c'eanv rss s gicfcuie at :s er j 




0 10 20 30 40 
Axial Displacement (nm) 
Fig. 4. Profiles of certain parameters plotted as a [unction of posi- 
tion along the T4 short tail-fiber: (a) stain-excluding density, calcu- 
lated by integrating lateral!;' across the averaged negatively stained 
representation of the molecule (Fig. 3c); (b) projected mass, calcu- 
lated by lateral integration of the density across the averaged STEM 
image of unstained, freeze-dried molecules (Fig. 3d); (c) average cur- 
vature (flexibility) profile, obtained by combining the individual pro- 
files calculated for each straightened, negatively stained particle 
(see Results). The maxima in this profile (arrows) denote putative 
hinge-sites. 
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Fig. 5. (a) Dark-field STEM micrograph of purified short taii-fibers, imaged unstained, alter freeze-drying. The thick rods are tobacco mosaic 
virus particles included for mass calibration. Bar = 30 nm. (b) Histogram of mass measurements of short tail-fibers calculated from STEM 
micrographs of unstained molecules (e.g., (a)). The distribution is symmetrical, as illustrated by the fitted Gaussian curve, implying a homoge- 
neous population of molecules. 



(Fig. 6). This feature is also discernible in previously 
published micrographs (Plate XXVII of Williams and 
Fisher, 1970; Fig. 10 of Crowther et ai, 1977), al- 
though we are not aware of its having been com- 
mented on before. 

Analysis of primary sequence of Gp12 

Detection of a domain with a repetitive substructure. 
We have analyzed the amino acid sequence of gp1 2 by 
a variety of computational procedures (see Materials 
and Methods). Our most striking finding is that a major 
segment of this polypeptide chain, starting around resi- 
due 48 and extending to approximately residue 290/ 



has a repetitive structure composed of six tandem 
pseudo-repeats of about 40 residues in length. These 
are followed by two cycles of a somewhat different, 
shorter, repeat (Fig. 7) that extend the repetitive region 
of gp12 as far as residue 320 or thereabout. These 
repeats are readily detected in a homology matrix 
(Fig. 8). 

The repeats are compared in Fig. 7. Their length is 
not precisely conserved, varying from ~39to ~45 resi- 
dues. The most notable departures from uniformity in 
length are an apparent insertion of about 1 2 residues 
(172- 1 83.) between the third and fourth repeat and a 
breakdown toward the end of the sixth unit. Within this 
array, the homology between the repeats, albeit not 
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F 'f orp^r ri'" M SrS extendi " 9 fr , om 74 baseplates and tail-related structures consistently show a globule a. their distal ends (arrowheads) 
ia-e) STEM dark-field micrographs of unstained, freeze-dried preparations: (d-f) conventional negatively stained electron micrographs. Bar = 30 



very conservative, is unmistakably present, particularly 

their amino-terrninal sequences, and in sucn fea- 

3ry srructure predictic nticipa f r lese motifs 
may be composed of alternating tf-strands and ,3-turns 
(Fig. 7): possible foldings of these sequences have 
oeen modeled by Sobolev and Mesyanzhmov (manu- 
".'•■c: m orspsration}. 

Each of the major ' '40-residue" units is composed of 
two similar subdomains of approximately equal length, 
■'-.e subdivision of the "40-residue repeal" into two 
suodomains is not so evident on the basis of homol- 
ogy, but emerges consistently from secondary struc- 
ture prediction (cf. Fig. 7), and from Fourier transform 
analysis of both the hydropathicity and flexibility cro- 
nies which show strong peaks at frequencies of ~(20 



1 in contrast to the much weaker spectral 

: . a; [40 residue?,;" ' 'da-a no: i.'ic.-.r Tnus, vi 

systematic trend in their sequence properties, rather 
than strict homology. 

Both the hydropathicity and the flexibility profiles 
iFig. 9} show a systematic change, starting around resi- 

tematically more hydrophilic and less flexible. This dis- 
continuity distinguishes the carboxy-terminal third of 
go'l from the rest or the mciecuJe. 

A Umned homology Between cartoxy-terminal se- 
quences cfGp 12— The short tail-fiber and Go37—The 
fong tail-fiber of T4. A homology search was per- 
formed, comparing gp 12 with the Swiss Prot data 
base, but no convincing homologies were found. We 



SSTTKOILFIPTEQEVTDGT-NHTK-AVTPATLATSLSypNA 
TBTVVGLTRYSTNDEAIAGV-NNES - SITPAKPTVALSNA- FETRVS 

TBSSNGVUIISSLPQALAGA-DDTT-AHTPLK-T QQ--LAIKLIAQIAP 

SETTATBSDQOVVQLATVAQVTIQGTLREGY-AISPYTFM---HSSS 

TBEYKGVIIOGTQSBVNS - - -NHASVAVTGATL NGRGS 

1-ALftWHAPVI— 



Second Group 



Fig. 7. Tabulation of internal pseudo-repeats in the sequence of gp 1 2. The repeats show considerable variation, but are anchored on relatively 
conservative sequences toward their amino termini. They also share a common tendency in anticipated secondary structure (Garnisr ei al 
9 / S: Ptitsyn and Finkelstein, 1 983): the majonty prediction of four 0-turns f — ) and four 0-strands (====) is shown. The secondary structure 
prediction also suggests that each primary repeat is composed of two subrepeats, each of two 0-turns and two (3-strands. The first putative 
- hirand of the second subrepeat indexes on the pentapsptide A-h-T-P-A. where h is a hydrophobic residue, and allowing some departures from 
; '^otii i he connecting sequence between the third and fourth repeal ; res. - 1 69- 1 S2) re 
ant,, and this sequence is expected to be located at tne " 
' : 'ber (Fig. 3). The two repeats between residues 288 and 320 ar 
■ the first group in terms of predicted secondary st 
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Fig. 8. Self-homology matrix revealing internal repeats in the 
amino acid sequence of gp1 2. The matrix was calculated using the 
GENEBEE program (Brodsky e>. al., 1991). The repeat region is 
marked (horizontal axis). 

did, however, detect some homology relating two seg- 
ments of the respective sequences of gpl 2 and gp37 
(Wood and Crowther, 1 983} (Fig. 1 0). These homolo- 
gies are neither very iong nor very faithful, but. taken 
together, they appear to oe statistically significant. 
This homology is intriguing because of the functional 
complementarity of these two proteins, both of which 
bind io receptors on the bacterial surface (Goldberg, 
1983). 

DISCUSSION 

Our electron microscopic observations yield molecu- 
lar dimensions that are largely consistent with those 
reported by Kells ef al. (1 975), but significantly shorter 
than the molecular lengths of Zorzopulos era/. (1982). 
The domainal organization of head, shaft, and tail re- 
vealed in our averaged micrographs (Fig. 3) differs con- 
siderably from earlier accounts (Kells ef al., 1 975; Zor- 




O 100 200 300 400 500 

Residue Number 



Fig. 9. (a) Hydropathicity (Kyte and Doolittle, 1 982) and (b) flexibility 
(Karplus and Schulz, 1985) profiles of the gpl 2 sequence. Both 
show a change in character around residue 310 (i.e., about 60% of 
the way along the sequence). The carboxy-terminal domain is more 
hydrophihe and less flexible than the preceding sequence (apart 
from us extreme amino-terminus) and does not show the same oscil- 
latory behavior that marks the "repeat region" in both profiles. 



Region 1 


gpl2 386 
gp37 851 


ccc"c==========ccccc== == 

ESNPGLPBMRSLFVRQSGRQSH-IiT 
II : 1 1 1 1 1 ::l 1 1 : 
F8-0VIPDHRQQTIKGKPSGRAVLS 


409 
•874 




H)12 500 
gp37 1001 




526 (C-ierminus) 
1026 (C-tcrminus) 



Fig. 1 0. Two regions of local homology between the sequences of 
gpl 2 (short tail-fiber) and gp37 (distal part of long tail fiber). The first 
region has an average homology of 48%, compared with an average 
of 28.7% (SD = 4.7) over 50 trials with randomized sequences, 
corresponding to a "probability" of random occurrence of <10"" ! . 
The second homology is of marginal significance (33%, cf. 26.4 ± 
4.5%), but the "probability" of born homologies arising as a random 
occurrence is ai the 10" e level. 



zopulos ef al., 1982); it does, however, fit cohesively 

with structural inferences easea on th~ primary se- 

further below. 

Orientation of'Gp12 polypeptide chains within the 
molecule 

Based on tne proposition that the molecule is com- 
posed of three elongated monomers associated in par- 
allel and m register, three arguments lead us to con- 
clude that the nead contains their carboxy-terminal do- 
mains, and the tail contains their amino termini. 

First, repetitive sequences are generally associated 
with extended conformations, e.g.. myosin (McLach- 
ian and Karn, 1983), spectrin (Speicher and Marchesi, 
1 984), the adenovirus tail-fiber (Green era/., 1 983), etc. 
The repeat region of gpl 2 is flanked at its amino-ter- 
minus by a short domain (res. 1-47), and at its car- 
boxy-terminal end by a much longer domain (res. 32 1 - 
526). At opposite ends of the molecule's filamentous 
shaft are a small tail and a substantial head (Fig. 3). The 
masses of these three structural domains (Table 1 ) cor- 
relate closely with the divisions between the repetitive 
and nonrepetitive sequences, providing strong support 
for the proposed model. 

Second, our curvature analysis of the electron mi- 
crograph data (Fig. 4c) indicate that the head is the 
most rigid part of the molecule, which correlates with 
the carboxy-terminal region having a systematically 
lower incidence of flexible residues (Fig. 9b). 

Third, the hydropathicity profile (Fig. 9a) also shows 
that the carboxy-terminal third of the sequence is dif- 
ferent from the rest of the sequence. This fraction cor- 
relates with the fraction of mass that resides in the 
head. We note that globular domains usually have a 
higher proportion of non-polar residues than filamen- 
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tous domains, whereas the reverse occurs in this 
case, i.e., the head has a higher average polarity than 
the shaft. We account for this "inversion" as follows: 
the repeat region sequence contains quite a high pro- 
portion of nonpolar residues, often configured in multi- 
ple "hydrophobic-hydrophilic" dipeptides that would 
generate one polar and one non-polar side of a j8- 
sheet. 

When the short tail-fiber extends from the baseplate, 
the head is distal (Fig. 6). It follows that amino termini 
(tail) remain in contact with the baseplate, while the 
carboxy-terminal domains bind to the bacterial cell sur- 
face. This view is contrary to the interpretation made by 
Yamamoto and Uchida (1975) of their observations 
concerning the properties (primarily, sensitivity to heat- 
induced tail contraction) and mapping of three heat- 
sensitive mutants in gene 12. 

Repetitive substructure within the shaft 

Previous studies have reported that the short t-sii- 
■ oer has an 3X;aliy oeaoec structure a -ece;- ." 
4.5nm (Kellsera/., l975)or3.1 nm (Zorzopulos era/.. 
1 982). Our data do not show such a pattern, in either 
the negatively stained (Figs. 3a-3c) or the unstained 
representation (Fig. 3d) or the molecule, which are 
quite consistent. However, the repetitive nature c< t-:e 
shaft domain sequence implies that it should have an 
extended, repetitive, structure. Taking its length to be 
24 nm (Table i ) and that it consists of 7 "40-residue" 
repeats or 14 "20-residue" subrepeats. they should 
correspond to axial increments of ~3.4 or 1.7 nm, re- 
spectively. The former figure is fairly close to the spac- 
ing reported by Zorzopulos er al. (1982) although, m 
view of the difference in molecular length and the ab- 
sence of a head on their molecules, it is not clear that 
both sets of observations apply to the same specimen. 
Moreover, the apparent presence of repeats in bright- 
field micrographs can be affected by defocus condi- 
tions. For this reason, it' would be desirable to have 
further experimental information concerning axial re- 
peats; possibly, paracrystals would be helpful for this 
purpose. 

In particular, the structural properties of the shaft 
domain of the T4 short tail-fiber are reminiscent of 
those of the adenovirus fiber shaft, although the latter 
repeat, at about 1 5 residues (Green et al., 1 983), is 
shorter and more regular than the 20-residue subre- 
peat of gpl 2. The related axial repeat of — 1 .3 nm de- 
tected by X-ray diffraction from crystals of the adenovi- 
rus fiber (Ruigrok er al., 1 990) is quite close to the 1 .7 
nm predicted here for the "20-residue" subrepeat of 
the T4 short tail-fiber. In this context, the triple-helical, 
mter-chain, .3-sheet model of Stouten er al. (1992) for 
the adenovirus fiber shaft should be adaptable to the 
short tail-fiber, with the proviso that the latter mole- 
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cule's /S-strands are predicted to be somewhat longer 
(see Fig. 7) and in consequence, its shaft should have a 
correspondingly greater diameter. 

Comparison with other viral adhesins: Common 
structural features 

Essentially the same morphological motif, i.e., an 
elongated oligomeric molecule with a globular domain 
at its distal end, has also been observed in other vi- 
ruses' counterparts of the T4 tail-fibers. These include 
both animal viruses and bacteriophages: the a1 hem- 
agglutinin of reovirus (Fraser et al., 1990), the gp17 
tail-fiber of phage T7 (Steven etal., 1 988), and the ade- 
novirus fiber (Green er al., 1983; Ruigrok etal., 1990) all 
conform to this pattern. Interestingly, in all cases to 
date, the distal globule is thought to contain the car- 
boxy termini. Some of these molecules contain a-heli- 
cal coiled-coil segments (o-1 , Bassel-Duby et al., 1 985; 
gp1 7, Steven etal., 1 988), but others do not; however, 
all contain segments that are predicted to be rich in 
¥.<r.g J-st'sncs and d-xums. The latter segments 
.nciuae both riiarnentous domains and terminai glob- 
ules. This trend, implies that despite the absence of 
conspicuous homology among them, these domains 
may exhibit foldings that are variations on a common 
theme. Moreover, these structures may serve as 
iiabie platforms Ircm whscn tneir specific, receptor- 
recognizing sequences are presented (Montag er al.. 

it is also noteworthy that many of these filamentous 
molecules also tend to be either kinked (gpl 7, Steven 
etal., 1988; adenovirus tail-fiber, Ruigrok era/.. 1990) 
or hinged (n-1, Fraser er al., 1990; T4 long tail-fiber, 
Wood and Crowther, 1 983) near their rnid-points and in 
at least one other case (<rl —Furlong er al.. 1 988) are 
thought to assume— like the short T4 tail-fiber— two 
distinct conformations (retracted and extended). 

Conformational switching of the short tail-fiber in 
the hexagon -+ star transition of the T4 
baseplate: A possible mechanism 

The hinge region that we have detected midway 
along the shaft can account for the transition between 
the two conformations assumed by the short tail-fiber 
when associated with the T4 baseplate (Crowther er 
al.. 1977)— see Introduction. If this hinge is bent to an' 
angle of 60° or more, the short tail-fiber can fit snugly 
into the "hexagon" baseplate and not protrude beyond 
its periphery (Fig. 1 1). When it converts to the "ex- 
tended" state, the tail presumably remains in contact 
with the rest of the baseplate, while the head and shaft 
become detached and the short tail-fiber straightens 
out to its full length. In this state, the hinge at the tail- 
shaft junction can allow some freedom of movement to 
facilitate the attachment process. The short-tail-fiber 
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Fig. 1 1 . (a) and (b) Models of possible folded conformations in which the short tail-fiber may be incorporated into the hexagon state of the T4 
baseplate. Assuming that the short tail-fiber is assembled on to the underside of the baseplate (Eiserling, 1 983; Khusainov er a/., 1 993), these 
models represent the view from beneath. They were constructed by computationally folding (Kocsis et a/., 1 99 1 ) the averaged image of the short 
tail-fiber (Fig. 3c) through 60" (a) or 1 80° (b) at the hinge-site near the center of the shaft and inserting the resulting images into a digitization of 
the baseplate as depicted by Crowther er al. (1977). Many aspects of this diagram were arbitrarily chosen (e.g., the handedness of the bent 
fibers, the points at which they make contact with the overlying baseplate, etc). These models are simply intended to'illustrate two possible ways 
in which a molecule with the overall length (38 ran), domainal organization, and inferred hinge structure of the short tail-fiber may be accommo- 
•-i. ; --;.J r , tt.-^opav If,?.- an rjui~- .- S dn..s y <t r.r- .•> <■:-■ s . . ^« . ra.-'.i'j •-„ 3 ,= -re^-; anr-.ucr- ,;,r,i, - re .;- j-a 



should, however, be inextensible and should remain 
firmly attached both to the baseplate and to the cell 
surface in order to fulfill its role as a molecular stay. 
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We examined a number of bacteriophages with T4-type morphology that propagate in different genera of 
enterobacteria, Aeromonas, Burkholderia, and Vibrio. Most of these phages had a prolate icosahedral head, a 
contractile tail, and a genome size that was similar to that of T4. A few of them had more elongated heads and 
larger genomes. AH these phages are phylogenetically related, since they each had sequences homologous to the 
capsid gene (gene 23), tail sheath gene (gene 18), and tail tube gene (gene 19) of T4. On the basis of the 
sequence comparison of their virion genes, the T4-type phages can be classified into three subgroups with 
increasing divergence from T4: the T-evens, pseudoT-evens, and schizoT-evens. In general, the phages that 
infect closely related host species have virion genes that are phylogenetically closer to each other than those 
of phages that infect distantly related hosts. However, some of the phages appear to be chimeras, indicating 
that, at least occasionally, some genetic shuffling has occurred between the different T4-type subgroups. The 
compilation of a number of gene 23 sequences reveals a pattern of conserved motifs separated by sequences 
that differ in the T4-type subgroups. Such variable patches in the gene 23 sequences may determine the size 
of the virion head and consequently the viral genome length. This sequence analysis provides molecular 
evidence that phages related to T4 are widespread in the biosphere and diverged from a common ancestor in 
acquiring the ability to infect different host bacteria and to occupy new ecological niches. 



Bacteriophages, the viruses that infect bacteria, are ubiqui- 
tous in the environment (5, .10, 11, 39). New techniques have 
made it possible to directly and rapidly estimate the total 
abundance of phages in environmental samples (10, 24). The 
high phage titers found by such methods in the soil and in 
aquatic habitats, such as the sea (>10'Vml), indicate that 
phages constitute a large fraction of the total biomass. Phages 
are probably the most abundant biological entities on the 
planet (15), but their diversity makes it extremely difficult to 
assess their impact on the biosphere (10) because, in general, 
each phage is infectious for only a minute fraction of the 
bacteria in its surroundings. However, the aggregated phage 
population must significantly influence microbial ecology and 
consequently affect the entire ecosystem. 

Until recently, remarkably little was known about phage 
diversity because most research was focused on only a few 
laboratory isolates. The T phages (7) isolated on Escherichia 
coli B were long used as the paradigms for all virulent phages, 
but these phages do not satisfactorily represent even virulent 
coliphages, let alone phages in general. For example, of the 
original seven T phages, the three even-numbered viruses (T2, 
T4, and T6) are identical in morphology and are very closely 
related (16). 

T4, the archetype of the T-even phages, has been the subject 
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of intensive study and is one of the best-characterized phages. 
Although it was demonstrated a number of years ago that 
urea-treated T4 could propagate in the spheroplasts of a broad 
spectrum of bacterial species (38), only recently has it become 
clear that T4, as well as the other laboratory phages such as a 
or Mu, has numerous relatives in nature that infect a wide 
variety of bacterial species (2, 12, 15, 32). A recent survey of 
the literature revealed more than 140 descriptions of phages 
with a morphology that resembled that of T4 (2). Many of 
these T4-like phages had been isolated on enterobacterial spe- 
cies closely related to E. coli {Klebsiella, Shigella, and Yersinia) 
and less frequently on Citrobactei; Proteus, Salmonella, and 
Serratia. Others propagate on more distantly related bacteria 
(Acinetobacter, Aeromonas, Burkholderia, and vibrios). A pre- 
vious PCR analysis of many of the T4-like phages had identi- 
fied a subgroup of these phages, named the pseudoT-evens, 
whose genomes are substantially diverged from those of T- 
even phages (23); for example, the sequences of RB49, the 
pseudoT-even phage that is the best characterized, are invari- 
ably less than 70% identical to the corresponding T4 genes 
(23). 

In this communication we examine the phylogenetic rela- 
tionships of T4-like phages isolated on diverse bacterial spe- 
cies. 

MATERIALS AND METHODS 
Phages and bacteria. All of the T4-type phages are from the Toulouse collec- 
tion (70 isolates). Phages T2, T4, and T6 were obtained from R. I I. Epstein of the 
University of Geneva in Switzerland. Except for coliphage KC69 (obtained from 
K, Carlson, University of Uppsala, Uppsala, Sweden), the sources of the T4-type 
phages (coliphages Tula, SV14, RB69, RB49, RB42, and RB43; Enlembaaer 
cloacae, phage \\Ae.i si hi \ 4 h R .nonym, 44RR) and 
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65; Aeromonas hydmphila phage Aehl; Burkho leria r a phage 42, Vibrio 
natriegens phage nt-1; and Vibrio parahaemofyticus phages KVP20 and KVP40) 
are found in reference 2. For phages that grc i m niqu 

were used for their propagation and the preparation of their DNA (23). The 
T4-type phages of non-E. coli hosts were grown as suggested in the information 
sheets provided with the phages by the Felix I Hi relh I eference Center for 
Bacterial Viruses (Quebec, Quebec, Canada). 

Electron microscopy. Cycles of differential centrifugation were used to purity 
some of the phages for electron microscopy (23). The non-£. coli phages Aehl, 
KVP20, KVP40, nt-1, 42, 44RR, and 65 to be examined by electron microscopy 
were sedimented at 25,000 x g for 60 min in a JA-18.1 rotor using a Beckman 
J2-21 centrifuge. This was followed by two washes in 0.1 M ammonium acetate 
(pH 7.0). Particles were deposited on copper grids with carbon-coated Formvar 
films and were stained with 2% potassium phosphotungstate (pH 7.2) or 2% 
uranyl acetate (pH 4.0). Magnification was controlled with catalase crystals (19). 

PCR and oligonucleotide primers. The con- ius prii ers u ,ed to amplify the 
central portion of gene 23 of the various T4-type phages were Mzial (5'-TGT 
TATIGGTATGGTICGICGTGCTAT-3') and CAPS (5'-TGAAGTTACCTTC 
ACCACGACCGG-3') 1 hese , r i r fl i< ' i i 10 n in the compi- 
lation ( see Fig. 3), and they correspond respectively to the nucleotide sequences 
encoding T4 gene 23 amino acid (aa) residues 95 to 103 and 368 to 375 (26). The 
conditions used for [he amplification reaction with these primers involved 28 
cycles consisting of a 30-s denaturation at 96°C, a 2-min annealing at 62"C, and 
a 3-min extension at 72°C. With this protocol, an approximately 850-bp PCR 
product was produced from the DNA of phages T4, T6, Tula, KC69, SV14, 
RB69, RB49, RB42, RB43, 42, 44RR, 1, nt-1, 65, and Aehl. 

The primers initially used to amplify the gene 18 analogue of the T4-type 
phages were FT18-N2 (5 ' -G GT A A ATTCC A ATG G G GTCC AG CTT-3 ' ) and 
FT18-C1 (5'-TATCAGCAGCCAACGGAACCCAA-3') or FT18-C3 (S'-ATGT 
TAAACAGACGACGAACGTTAAT-3'). These oligonucleotides are based on 
the sequence motifs conserved in T4 and RB49 gene 18. They respectively 
correspond to the T4 gene 18 sequences encoding aa residues 31 to 38, 467 to 
473, and 551 to 558 (4). For the gene 18 amplification, the reactions involved 10 
cycles consisting of a 10-s denaturation at 94°C, a 30-s annealing at 54°C, and a 
10-s extension at 68°C, followed by an additional 15 cycles with a 10-s denatur- 
ation at 94°C, a 30-s annealing at 54°C, and a 15-s exten ion a 3°t Hot Tub 
polymerase from Amersham International pic (Little Chalfont, United King- 

PFGE of phage genomes. For pulsed-field gel electrophoresis (PFGE) of 
phage genomes, blocks of 1% agarose ; ontaining HP to 10" PFU were incubated 
overnight at 55°C in a lysis buffer containing 0.5 M EDTA, 10 mM Tris-HCI (pH 
8), \% sodium dodccyl sulfate and protein i It,. kswer 
then dialyzed three times for 1 h against 10 ml of TE (Tris-EDTA). One-third of 
the block was analyzed by electrophoresis for 14 h in 1% agarose (0.5X TBE[lx 
TBE is 2 mM EDTA plus 90 mM Tris-borate]) at 275 V with a pulse time of 8 s 
on the Pulsaphor Plus system (Pharmacia & Upjohn AB, Uppsala, Sweden). The 
gel was then stained with ethidium bromide for 30 min, destained for 15 min, and 
photographed. 

PCR sequencing. The PCR products were purified (6) and sequenced with an 
Amersham Life Science Thermo Sequenase kit. The gene 18, 19, and 23 nucle- 
otide sequences of the various T4-type phages were determined by a primer 
walking procedure (27). 

Nucleotide sequence accession numbers.The nucleotide sequences of the cen- 
tral portion of gene 23 of T4-type phages have been deposited in the GenBank 
database under accession no. AF221994 to AF222003. The sequences of the 
entire gene 18 of T4-type phages RB49, 42, and nt-1 have been deposited in the 
GenBank database under accession no. Z78090, AF222058, and AF222059, 
respectively. The nucleic acid sequences of gene 10 of phages 42, RB49, and nt-1 
have been deposited in the GenBank database under accession no. AF223001 to 
AF223003, respectively. 

RESULTS 

T-even and pseudoT-even subgroups of T4-type phages. The 

term "T4-type" refers to all of the 140 known phages with a 
virion morphology that generally resembles phage T4 (1, 2). 
Most of these phages have been isolated on various enterobac- 
terial hosts, primarily E . coli, Shigella, and Klebsiella. The 
T4-type morphology is characterized by a moderately elon- 
gated icosahedral head (111 by 78 nm) connected by a collar to 
a contractile tail. The contractile tail (113 by 16 nm) is termi- 



nated by a base plate that carries six long, kinked tail fibers. 
These tail fibers are held in a folded configuration by "whisker 
fibers" extending from the collar (40). Al) of the phages ini- 
tially in the Toulouse collection had T4-type morphology, and 
it was assumed, on this basis, that they all belonged to the 
T-even phages (T2, T4, and T6). Among the T-even phages the 
nucleotide sequences of homologous genes typically differ 
from each other by less than 5% (18, 22, 23, 29, 35). However, 
it was demonstrated (23) that some of the phages with T4-type 
morphology had genome sequences that were evolutionarily 
distant from the T-evens (namely, the coliphages RB42, RB43, 
and RB49 as well as the Aeromonas phage 44RR). In these 
phages, which we called the pseudoT-evens, only a small por- 
tion (about 10%) of the DNA hybridizes to the T4 genome 
under stringent conditions. In RB49 the nucleotide sequence 
encoding the major virion capsid protein was among those that 
diverged the least, about 30%, from the corresponding T4 
sequence (23). Sequences of the RB49 genome containing the 
early and DNA replication genes had diverged even more from 
T4 (23; C. Desplats and H. M. Krisch, unpublished data). In 
addition, random genomic sequencing indicated that about a 
third of the RB49 DNA has no homology at all to T4. 

Several of the T4-type phages (Tula, RB69, and SV.14) that 
we previously analyzed seem to occupy an "intermediate" po- 
sition between T-even and pseudoT-even phages (23). For 
example, phage RB69 appears to be a chimera composed of 
segments derived from both T-even and pseudoT-even ge- 
nomes. Its gene 43 sequence differs from T4 at a level that 
would be expected for a pseudoT-even phage (42); yet, as will 
be shown, its gene 23 sequence is typical of that of a T-even 
phage. A similar genomic chimerism was indicated by DNA 
hybridization studies and sequence analysis of a few of the 
genes of Tula and SV14 (23; N. Vanzo and H. M. Krisch, 
unpublished data). Thus, there is good evidence that genetic 
exchanges occur between the T-even and pseudoT-even groups 
of phages, at least occasionally. 

A more distant subgroup of T4-type phages, the schizoT- 
evens. We performed electron microscopy on a number of 
additional T4-type phages that were isolated on hosts other 
than E. coli (1, 2). Although some of them (e.g., B. cepacia 
phage 42) were indistinguishable from T4 (Fig. 1), others had 
slightly longer heads about 137 nm in length (phage Aehl of A 
hydmphila, phage 65 of A salmonicida, and phage nt-1 of V. 
natriegens). The recently described T4-like phages KVP20 and 
KVP40 of V. parahaemofyticus (20) have a morphology identi- 
cal to that of V. natriegens phage nt-1 (data not shown). To 
distinguish phages with aberrant head morphology from the 
T4-type phages with the standard T4 morphology (the T-evens 
and pseudoT-evens), we propose to name them the schizoT- 
evens. 

Genome size of T4-type phages. Since T4 packages its ge- 
nome by a head-filling mechanism (30), any change in head 
size should simultaneously alter the size of the viral genome. 
The genome of T4 has been completely sequenced and is 169 
kb in length (GenBank accession no. AF158101). Electron 
micrographs of other T-even genomes (T2 and T6) indicated a 
size close to that of T4 (16). We compared the sizes of the 
genomes of some of the pseudo- and schizoT-even phages to 
that of T4 by PFGE. As shown in Fig. 2, although the pseudoT- 
even phages had genomes with sizes comparable to that of T4, 
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FIG. 1. Micrographs in the top row represent T4 and three previously characterized pseudoT-even phages (RB49, 44RR, and RB43) stained 
with phosphotungstate (23). Below are four additional T4-type phages that were isolated on nonenterobacterial hosts. (1)B. cepacia pseudoT-even 
phage 42; (2) A. hydrophila schizoT-evcn phage Aehl; (3) V. natrtegens schizoT-even phage nt-1; and (4) A. salmonicida schizoT-even phage 65. 
Magnification, about 150,000. 



the schizoT-even phages, with their more elongated heads, had 
significantly larger genomes. The genome of phage Aehl from 
Aeromonas was estimated to be approximately 230 kb. Matsu- 
zaki et al. (20) have recently reported that phage KVP40, 
which is closely related to nt-1, has a genome size of approx- 
imately 250 kb. The additional DNA sequence present in the 
schizoT-even phages is thus sufficient to encode more than 50 
supplementary genes. 

Sequence of the major capsid gene (23) in diverse T4-type 
phages. We had previously designed a pair of degenerate prim- 
ers based on two regions in the gene 23 sequence of the phages 
T4, T6, SV14, and RB49 that are conserved (23). With these 
primers we could generate a gene 2J-specific PCR product 
with many of the T4-type phages, including members of T- 
even, pseudoT-even, and schizoT-even subgroups. The gene 23 
sequences of some of the more distantly related T4-type 
phages were directly sequenced, including V. natriegens phage 
nt-1, B. cepacia phage 42, and E. cloacae phage 1. The inclusion 
of these gene 23 sequences in the alignment allowed us to 
further refine the consensus gene 23 primers and to amplify 
gene 23 from additional phages. The sequences of gene 23 
from A. hydrophila phage Aehl and A. salmonicida phage 65 



were determined from such PCR products. Both of these 
phages and nt-1 have elongated heads identical in length. Fig- 
ure 3 shows the alignment of these sequences. Although this 
comparison reveals significant aa sequence differences be- 
tween the phages, some blocks of aa sequence are universally 
conserved. The 70-amino-acid sequence between residues 230 
and 300 of the T4 capsid gene is the most notable of these (Fig. 
3). Many of the T4 mutants with aberrant head formation map 
within this conserved segment of gene 23. An important role of 
this sequence in head morphogenesis would explain the un- 
usually strong constraints on its divergence. Interestingly, a 
sequence closely related to these 70 aa is also found in T4 gene 
24, the head vertex protein. Gene 24 is believed to have arisen 
from an ancient duplication of gene 23. The interactions be- 
tween gp23 and gp24 (9, 21) are now thought to have only a 
minor role in the determination of virion shape and size (14). 
Some of the phylogenetically variable patches in gp23, how- 
ever, could slightly modify the interactions between the gene 
23 subunits in the virion, and this could result in differences in 
virion head size and shape. Other patches of variable sequence 
in gene 23 could be the sites that bind the various head acces- 
sory proteins on the surface of the capsid (41). 
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FIG. 2. PFGE of the genomes of phages T2, T4, RB69, 44RR, and 
Aehl. There are differences in nucleotide modifications and glucosy- 
lation of the DNA in these phages (23); thus, besides their size, the 
migration of the genomes maybe slightly influenced (5 to 10%) by such 
factors. The DNA minor band present in the 44RR lysate probably cor- 
responds to a small fraction of heads that have an isometric morphology; 
a similar band was also detected in T4 lysatcs, where electron microscopy 
revealed some petite (isometric) variants. To the left is a lane containing 
size markers consisting of ligated concatemers of the phage \ genome. 



Our alignment of 18 T4-type gene 23 sequences suggests 
that this phage gene has a modular or mosaic design. In a 
modular gene, recombination occurring in the flanking con- 
served motifs could replace a variable sequence by a different 
version. Further evidence for the modularity of gene 23 is 
illustrated by the sequence comparison in Fig. 4. For more 
than 90% of the gene 23 aa sequence, phage SV14 diverges 
from the T4 sequence by 5 to 10% (23), but in a 50-aa segment 
towards the center of the gene (Fig. 4A), it diverges by 50%. A 
similar, but less pronounced, increase in the divergence of the 
same sequence is also found (Fig. 4B) in phage AR1 (Gen- 
Bank accession no. AAD01755). This is what would be ex- 
pected if these phages had acquired this small segment of gene 
23 by a genetic swap with a distantly related phage. Such 
events, even if extremely rare, could have major evolutionary 
consequences. For example, some nonconserved sequences in 
the gene 23 sequence must provide binding sites for the various 
head accessory proteins (41) that interact with exposed motifs 
of gp23 on the capsid surface. Altering the accessoiy capsid 
proteins would change the physical and antigenic properties of 
the virion head. 

Sequences of major tail genes 18 and 19. The contractile tail 
of the T-even phages has a complex structure that is perhaps 
the most reliable diagnostic feature of the T4-type phages. In 
T4, gene 18 encodes the tail sheath protein. The assembly of 
144 molecules of gpl8 into the sheath (24 stacked annuli each 
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FIG. 3. Amino acid sequence alignments of the central portion of gene 23 of'T4-type phages. ForT4, the translation of the nucleotide sequence 
between codons 115 and 302 is shown. The protein sequences of the other 17 phages were aligned with the T4 sequence using the ClustalX program 
(36). Amino acid motifs common to all of the T4-type subgroups are indicated by a black background. Amino acid motifs that are well conserved 
within a T4-type subgroup phage are indicated by a color code (red, T-evens; green, pseudoT-evens; and blue, schizoT-evens). Sequences shown 
with a white background were not well conserved within their subgroup. The following groups of aa were considered equivalent in this presentation 
(D = N, E = Q, K = R, F = Y = W, and L = I = V = M). A dash indicates a space was inserted in the sequence to preserve the alignment. 
An ambiguity in the nucleotide sequence is indicated by an X for the corresponding codon. The coordinates of the T4 gene 23 aa sequence are 
shown at the extremities of the comparison in bold characters. 
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T4 KFPAIAASTQTWGDIYTHFFQETGTVYLQASTVQVTIDAGATDAAKL 

* * * ******** *** **** *** * * 
SV14 AFTPVTAGMA.TVAGDIYYHFFAETGSTYLQATKWTISAEASTPELM 

1 162 209 521 

I „ I Gene 23 i , 

f — { //- 1 
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B 

T4 KFPALAASTQTTVGDIYTHFFQETGrVYLQASVQVTIDAGATDAAKL 
AR1 KFAALKASDTLEVGTIYTHFFQDTGTVYLQATEVKQIDTSANDAAKL 

i 162 Gene 23 

|*-// — j" — + 1H\ 

N-Terminus C-Terminus 
>95% Homology Patch of 66% Homology >95% Homology 

FIG. 4. (A) Comparison between the sequences of gene 23 in phages T4 and SV14. The level of homology is shown below the diagram for the 
N- and C-terminal segments as well as for a small patch of sequence near the center of the gene. The comparison of this divergent patch in each 
phage sequence is shown above the diagram. Asterisks between the alignments of the two sequences indicate identical residues in both genes. In 
the patch between aa 162 and aa 209, the SV14 DNA sequence differs by 47% from the T4 sequence, while in the remainder of the gene the 
divergence is 12%. (B) Comparison between sequences of gene 23 in phages T4 and AR1. The presentation is the same as in panel A, except that 
the sequence comparison is between T4 and AR1. In the patch between aa 162 and aa 209, the AR1 DNA sequence differs by 27% from the T4 
sequence, while in the remainder of the gene the divergence is less than 2%. 



composed of six subunits) depends on the underlying tail tube 
structure, containing a similar number of gpl9 subunits (8, 17), 
but additional gene products such as gp3 appear to be involved 
in length determination (37). Relatively little is known about 
the structure of gpl8 protein and how its conformational 
changes result in tail contraction, except that it hydrolyzes ATP 
to ADP during contraction and that it has two nucleotide 
binding motifs (3, 31). It is still not clear, however, that this 
ATP hydrolysis is directly involved in the conformational 
changes involved in tail sheath contraction. 

The complete sequence of gene 18 of the pseudoT-even 
phage RB49 was determined by taking advantage of two small 
randomly determined sequences of this phage genome that, 
based on the gene order of the T4 genome, should flank gene 
18 (23). PCR primers based on these sequences were used to 
amplify a fragment that was directly sequenced and shown to 
contain a gene 18 analogue. The RB49 gplS aa sequence was 
63% identical to the gpl8 sequence of T4, but the differences 
were unevenly distributed. The 75 aa at the N terminus were 
68% conserved. The next 325 aa of the gpl8 protein diverged 
more (58% identity), but the last 250 aa (67% identity) of this 
690-aa protein contained some blocks of sequence that were 



nearly identical to T4 (Fig. 5). These conserved sequences at 
the beginning and the end of gene 18 provided us with PCR 
primers that could amplify related sequences from many of the 
T4-type phages, including both pseudo- and schizoT-evens. We 
sequenced gene 18 fragments from the pseudo T-even phage 
42 of B. cepacia and the schizoT-even phage nt-1 of V. natrie- 
gens by primer walking (27). The alignment of these sequences 
is shown in Fig. 5. The overall impression from comparing the 
gene 18 sequence is quite similar to that obtained from the 
gene 23 sequence comparison. The sequence of the schizoT- 
even phage nt-1 has clearly diverged more from T4 than have 
the pseudoT-evens. Gene 18 appears to be a patchwork com- 
posed of variable sequences interspersed between small con- 
served motifs and several large blocks of near identity. It seems 
likely that among the large conserved domains are those that 
mediate the structural changes in gpl8 that contract the tail. In 
this regard, it should be noted that the nucleotide binding 
motif at residue 530 is located in a highly conserved domain. 
Some of the non-conserved sequences could provide binding 
sites for accessory structures that can interact with the contrac- 
tile tail. 

Using similar methods, we also analyzed the sequence of 
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FIG. 5. Amino acid sequence comparison of the entire gene 18 of four T4-type phages (T4, RB49, 42, and nt-1). The homologous sequences 
of these phages were aligned with the T4 sequence as in Fig. 3. The conventions used in this presentation are the same as in Fig. 3, except that 
a black background indicates aa residues shared by all four of the phages while those that are present in only three phages are indicated by a gray 
background. The sequences shown with a white background were not conserved. The coordinates of the T4 gene 18 sequence are shown in the 
top line of the comparison. 



gene 19 (31), which codes for the tail tube through which the 
phage DNA is injected into the cell. The strong constraints on 
the dimensions of this hollow tube might be expected to im- 
pose limits on gene 19 sequence divergence. Indeed, the align- 
ment of gene 19 sequences from six T4-type phages shows a 
more uniform distribution of sequence conservation, but the 
overall level is similar to that in genes 18 and 23 (Fig. 6). 

Phylogeny of the major virion genes of the T4-type phages. 
The phylogenetic trees (25) obtained for all of the viral struc- 
tural genes are similar, and thus, only the data for gene 23 is 
shown in Fig. 7. The aa sequences of gene 23 differ by less than 



10% within the T-even group, and in contrast, the eight 
pseudoT-evens differed from the T4 gene 23 sequence by 10 to 
45%. Finally, five schizoT-evens differ in the gene 23 sequence 
from T4 by over 45%. Within each group the members were 
more closely related to each other than to any members of 
another group. This phylogenetic analysis classifies the T4-type 
phages as follows: T-evens (T4, T6, KC69 Tula, and RB69), 
pseudoT-evens (AR1, SV14, RB49, RB42, RB43, 42, 44RR, 
and 1) and schizoT-evens (nt-1, KVP20, KVP40, 65, and 
Aehl). 

Only the virion structural genes appear to be sufficiently 



Gene 19 




FIG. 6. Amino acid sequence alignments of gene 19 of T4-type phages. The protein sequences of the other five phages were aligned with the 
T4 sequence as in Fig. 3. The conventions used in this presentation are the same as in Fig. 3. 
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conserved to construct a phylogeny by this method. Attempts 
to analyze nonstructural genes (e.g., the DNA polymerase 
gene 43) were unsuccessful. The divergence of such genes in 
the various T4-type phages is too great to obtain PCR ampli- 
fication with primers based on the T4 sequence (23). More 
laborious methods could be used to isolate and eventually 
sequence the gene 43 analogues of two of the pseudoT-even 
phages (RB49 and 44RR) (Desplats and Krisch, unpublished). 
However, primers based on the most conserved sequences in 
gene 43 of phages T4, RB49, and 44RR did not permit PCR 
amplification of gene 43 from any additional T4-type phages. 
Nevertheless, the gene 43 sequences of these pseudoT-evens 



(Desplats and Krisch, unpublished) are compatible with the 
phylogeny established for these phages on the basis of their 
virion structural genes. We have now sequenced more than 
60% of the genome of the pseudoT-even phage RB49; this 
sequence analysis (Desplats and Krisch, unpublished) confirms 
the phylogenetic relationship of this phage to T4 predicted 
exclusively on the basis of the sequences of the major head and 
tail genes. Nevertheless, the RB49 genome does have one 
small sequence that it must have recently acquired from a 
genetic exchange with a T-even phage. Such events seem to be 
rare and do not alter a picture of a generally distant phyloge- 
netic relationship between RB49 and T4. More limited 



Vol. 1S3, 2001 



PHYLOGENY OF T4-TYPE BACTERIOPHAGES 365 



genomic sequencing of 44RR also confirms the position of this 
phage in the phylogenetic tree of the T4-type phages (Desplats 
and Krisch, unpublished). 

DISCUSSION 

Monod et al. (23) showed that primers based on the se- 
quence of conserved segments of the capsid gene could be used 
to PCR amplify analogous DNA segments from distantly re- 
lated T4-type phages. By sequencing such "PCR homoiogues," 
we have been able to compare diverse phages of the T4 type. 
All of the phage genomes analyzed had sequences homologous 
to the major structural genes of T4 (genes 18, 19, and 23). 
Three subgroups of the T4-type phages can be distinguished: 
the T-evens, the pseudoT-evens, and the schizoT-evens. The 
vast majority of the known T4-type phages were isolated on 
enterobacteria, and most of them belong to the T-even sub- 
group. In contrast, the T4-type phages isolated on Aeromonas, 
Bwkholderia, and Vibrio belong to either the pseudoT-even or 
schizoT-even subgroup and their genomes have diverged con- 
siderably. 

The existence of the schizoT-even phage group demon- 
strates that the morphology of the virion head can vary within 
a family of phages. The similarity in morphology of the 
schizoT-evens to some of the aberrant phage produced by T4 
"giant" point mutants (9) suggests that evolutionary transfor- 
mations of head morphology may be accomplished without 
enormous difficulty. We expect that T4-type phages with 
smaller isometric heads or with a different length of the con- 
tractile tail can be isolated. It will be interesting to identify and 
analyze the sequences of the genes responsible for such mor- 
phological variations. The limits of the morphological variation 
of the T4-type phages have certainly not yet been circum- 
scribed. 

Our extensive analysis of a number of gene 23 sequences 
suggests a modular construction of its protein. Sequence com- 
parisons of gene 18 (tail sheath protein) suggest that this gene 
has a similar modular organization. Gene mosaicism is most 
clearly evident in the T-even phage tail fibers (13, 28), where it 
facilitates swapping of the adhesin domains between phages 
(34). This may enable the phages to infect new hosts and thus 
would be an important evolutionary advantage. The patchwork 
structure of the tail fiber genes has been viewed as a conse- 
quence of the extreme pressures on their adhesin sequences to 
diversify (34). However, our sequence analysis of genes 23 and 
18 in the T4-type phages now suggests that many more struc- 
tural genes could have a similar, if less obvious, mosaic design. 

As the fine structure of the T4-type virion becomes better 
understood, it will be interesting to determine the exact func- 
tion of the various conserved motifs in the virion proteins. 
Many presumably have a role in determining the intrinsic 
structural features of the protein, but others could be engaged 
in protein-protein interactions between the different virion 
subunits (34). Another intriguing possibility is that some of 
these conserved sequences actually have a nonstructural role in 
promoting homologous recombination. As we have previously 
suggested, in a mosaic gene small conserved motifs could me- 
diate the genetic swapping of the variable patches that they 
flank (33, 34). This could create increased diversity in specific 
domains of an otherwise conserved structural protein. 



With the techniques reported here it is now easy to rapidly 
identify and characterize the T4-type phages in a feral phage 
population. For example, we have recently identified and char- 
acterized various T4-type phages isolated from pulmonary flu- 
ids of hospital patients with respiratory infections caused by 
Pseudomonas aeruginosa (M. Kutateladze, R. Adamia, F. Tetart, 
and H. M. Krisch, unpublished observations). 
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The phage adsorption ability and serological specificity of different Salmonella 
strains having either complete or leaky mutations in their lipopolysaccharide 
(LPS) synthesis were compared, together with their genotype and sugar composi- 
tion, to provide a set of standards relating these parameters to LPS structure. 
Strains that had Tl -specific side chains in their LPS, both with or without O side 
chains, were examined to learn more about the organization of these two side 
chains in the LPS and a possible competition between them. It was found that (i) 
adsorption of O-specific antibodies was a very sensitive test for the presence of even 
very small amounts of O-specific structures, (ii) that phage P22 adsorption was 
dependent on the presence of a nearly complete O side chain complement, and 
both long and numerous O side chains were required, and (iii) that the adsorption 
of the phages FO (Felix O-l), 6SR, and Br2, which attach to structures in the LPS 
core, was a sensitive indicator of any defect in O-antigen synthesis, and well devel- 
oped O side chains blocked their attachment efficiently. Semirough (SR) strains 
with only one O-specific repeating unit per side chain adsorbed FO efficiently, 
whereas the access of the 6SR and Br2 phages to their receptors was blocked. 
Strains with Tl side chains adsorbed the FO and 6SR phages efficiently, whereas 
the adsorption of the Br2 phage was blocked to a large extent. The phage adsorp- 
tion of four S,T1 strains (with both O and Tl side chains) showed that, as the 
amount of O side chain material increased, there was a reduction of the adsorption 
of phages in the following order: 6SR, Br2, and FO. P22 attachment appeared with 
the increase of O side chains. The LPS composition of these strains revealed a 10- 
fold reduction of the O-specific structures compared to the smooth parent strain, 
whereas the amount of Tl -specific material was the same as in Tl strains. The short 
O side chains of a SR,T1 strain were, however, not reduced in number, suggesting 
that the apparent competition between O and Tl side chains may not be a compe- 
tition for available sites in the LPS. 



Two major factors in the lipopolysaccharide 
(LPS) structure seem to play a role in phage 
attachment. First, the LPS must have the struc- 
tures that serve as phage receptors. It is apparent 
from the available knowledge that different 
phages attach to different receptor structures even 
in the same LPS molecule (11, 12; R. G. Wilkin- 
son, Ph.D. Thesis, Univ. of London, London, 
England, 1966). Secondly, the receptor must be 
accessible to the phages. A receptor site in the 
innermost, core part of the LPS may be blocked 
by other cell wall components, for example, 
rough (R) mutants are sensitive to many phages 
to which smooth (S) forms are not. A quantitative 



determination of the attachment of phages to 
their host can be obtained by measuring the 
adsorption rate constant (ARC). 

The phage adsorption, serological specificity, 
and LPS composition were compared among 
Salmonella strains having different amounts of O 
side chain material. The reduction of the normal 
amount of O-specific material in these strains 
was due to different causes (P. H. Makela and 
B. A. D. Stacker, Annu. Rev. Genet., in press). 
Some of the strains had blocks in the synthesis of 
the LPS core (Fig. 1) owing to a rfa mutation; the 
block was however incomplete or "leaky," which 
resulted in the synthesis of an enzyme catalyzing 
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Fig. 1. Supposed structure of core, O side chain, and 
Tl side chain of Salmonella lipopolysaccharide. Abbre- 
viations: Hep, heptose; Glu, glucose; Gal, galactose; 
GNAc, N-acetyl glucosamine; Rha, rhamnose; Man, 
mannose; Abe, abequose; AcO, O-acetyl; Rib, ribose. 



the step concerned with a much reduced efficiency. 
In consequence of this, the LPS would have most 
of its side chains incompletely stopped at the site 
of the block, but have some, those where the 
deficient enzyme had acted, completed to full 
length. Other strains had comparable mutations 
in rfb genes, concerned with the synthesis of the 
repeating units which constitute the building 
blocks of the O side chains. Still others had 
defects in the polymerization of the repeating 
units (rfc mutants), resulting in LPS in which 
each side chain had one O-specific repeating unit 
only. 

AH these strains may be used to learn more 
about the factors influencing serological specific- 
ity and phage attachment, and they provide a 
system for relating these parameters to LPS 
structure. The results obtained were applied to an 
examination of strains with Tl side chains (see 
references 8, 20; Makela and Stocker, Annu. Rev. 
Genet., in press) together with (i) normal O side 
chains (S, Tl forms), (ii) the short O side chains 
of SR, Tl forms, or (iii) without O side chains 
[Tl forms (18)]. 

MATERIALS AND METHODS 
The individual bacterial strains used are described 
in connection with the results. The SH strains come 
from the collection of P. H. Makela and M. Sarvas, 
and the SL strains from the collection of B. A. D. 
Stocker, Department of Microbiology, Stanford Uni- 
versity, Stanford, Calif. Most of the strains are deriva- 
tives of Salmonella typhimurium line LT2; the Tl 
parent strain is S. paratyphi B, Tl form from F. 
Kauffman (8) ; and some strains were derived from S. 
abony. The relevant smooth O-antigen of all these 
strains is 4, 12, since the bacteria react with specially 
prepared "antM" and "anti-12" sera; some of the 
strains may also react with "anti-1" or "anti-5" sera, 
or both, but the presence or absence of these "minor" 
factors does not affect smoothness, that is, amount or 
arrangement of O-specific repeating units in the LPS. 

The serological behavior of the bacteria was studied 
by slide agglutination in 4% saline and in predeter- 
mined dilutions (made up in 0.2% saline) of anti-R, 
anti- 4,12, and anti-Tl sera, prepared by immunizing 



rabbits with bacterial suspensions held 2.5 hr at 100 C 
(9). The anti-R serum prepared against a rfa mutant 
was known to agglutinate a large number of R (rfa or 
rfb) and SR (rfc) mutants but not the S [4,12] or Tl 
forms of S. typhimurium. The anti-4,12 serum had 
some anti-R activity in agglutination, but S [4,12] 
strains agglutinated in large clumps, whereas the R 
strains gave a fine granular agglutination. The anti-Tl 
serum was specific for Tl at the dilution (1 : 100) used 
here; at lower dilutions it also had anti-R activity. 
The ability of the bacteria to adsorb specific (anti- 

4, 12 or anti-Tl) antibodies from the rabbit sera was 
tested by adding approximately 10 10 or 10 9 bacteria 
(collected from nutrient agar plates and held at 100 C 
for 30 min) to 1 ml of the appropriate serum diluted to 
contain about 200 times the minimum agglutinating 
dose. The mixture was shaken well, and kept at 37 C 
for 2 hr or at 4 C overnight. The tubes were then cen- 
trifuged, and the supernatant fluid was titrated in tube 
agglutination against suspensions of either S [4, 12] or 
Tl bacteria (9). When the smaller amount of bacteria 
was able to remove all the agglutinins, the result was 
given as ++ + ; when it left some, although the larger 
amount removed all agglutinating antibodies, the 
result was scored as + + ; and when the larger number 
of bacteria removed part but not all of the agglutinins, 
the response was + . Techniques for testing the nutri- 
tional characteristics of the bacteria and obtaining 
genetic crosses have been described before (18). 

For studies on the chemical composition of the 
LPS, the bacteria were grown and the LPS was ex- 
tracted as has been described earlier (5). The quantita- 
tive analyses of the monosaccharide constituents were 
made by gas-liquid chromatography of glycitol ace- 
tates produced from acid hydrolysates of the LPS 
preparations (7). The sugars were not isolated in the 
present study but had been identified previously (19). 
The relative peak areas were determined, and the 
molecular ratios for the constituent sugars were cal- 
culated from these. The quantities of the individual 
sugars, determined as mole per cent of detected sugars, 
were used for the estimation of the number of O- 
specific repeating units and Tl -specific structures in 
the side chains. The calculations presume a LPS struc- 
ture, according to Fig. 1, with two heptose units in 
each core stub and each core stub capped by an O- 
specific or Tl -specific side chain. The number of 
repeating units in each O side chain was estimated 
from the ratio of mole per cent mannose + mole per 
cent rhamnose to mole per cent heptose and for the 
Tl side chain from the ratio of mole per cent ribose X 
2 to mole per cent heptose (presuming a ribosyl- 
galactosyl repeating unit). The values given in Tables 
1 and 2 are rounded to the next whole number. 

A sample of the batch culture for the LPS analyses 
was stored in a nutrient agar stab culture and several 
colonies were examined within 1 to 3 weeks for agglu- 
tinability, phage sensitivity, and often for the nutri- 
tional requirements of the strains. A similar test was 
performed on the batch of bacteria grown for phage 
adsorption tests. 

The bacteriophages used consisted of the S-specific 

5. typhimurium phages P22c2, and 9NA (4), the 
general Salmonella phage FO (Felix O-l), and the 
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R-specific phages 6SR, Br60, Ffm, and Br2. The 
phages were obtained through the courtesy of B. A. D. 
Stacker, Stanford University, Calif. They were prop- 
agated on the appropriate host strains, and their 
lytic spectrum was checked on selected S and R strains. 
Some of their properties were described by Wilkinson 
and Stocker (25). The phage sensitivity of the bacterial 
strains was tested by spotting drops of phage contain- 
ing approximately 10 s plaque-forming units per ml on 
surface-inoculated nutrient agar plates. Sometimes 
the test was repeated by applying the phage and bac- 
teria in soft agar layer (1). Phage adsorption was fol- 
lowed by determining the ARC as described previously 



RESULTS 

Table 1 shows the behavior of various smooth 
(S), semirough (SR = rfc) and rough (R) vari- 
ants of S. typhimurium LT2. The strains were 
selected to include leaky mutants, i.e., ones whose 
defects were more or less incomplete. As a result, 
the LPS of these strains contained varying 
amounts of O-specific sugars. 

The first two strains (SL683, SH1430) had no 
defects and showed the typical behavior of S 
strains. They were agglutinated in anti-4,12 and 
not in anti-R sera, nor in saline, they adsorbed 
anti-4,12 antibodies efficiently, and their LPS had 
O-specific components corresponding to an 
average of 7 to 10 repeating units per core stub. 
They were sensitive to the S-specific P22 and 9NA 
phages and to the FO phage but not to R-specific 
phages. They adsorbed P22 with a high ARC 
(313 and 346), but no attachment of the FO and 
R phages was measurable. In fact, they did ad- 
sorb FO as they score as FO-sensitive but the 
ARC was too low to be detected here (13). 

The three following strains showed slight 
deviations from the S pattern. SL 749 was sen- 
sitive to phage P221, which does not attack S 
bacteria— the strain has been suspected of being 
a very leaky rfc mutant (B. A. D. Stocker, 
personal communication). It had the normal 
amount of O-specific sugars and behaved like a 
S strain except for a slight adsorption of FO 
(ARC 31 compared with the < 5 found with the 
S strains). Its P22 ARC was 218, which is rather 
lower than that for the S strains, although the 
difference might not be significant. The next 
strain, SH 1002, had a reduced amount of O- 
specific sugars (equivalent of 2 repeating units 
per core stub), and it adsorbed P22 at a some- 
what lower rate (ARC 129) than the S strains. 
This lower adsorption might be due to the fact 
that the strain is lysogenic for P22. It has been 
shown previously that lysogenicity for P22 re- 
duces the ability of a strain to adsorb this phage 
(27). But the strain also adsorbed FO and the R- 
specific phage Br2, although with low rates. 



Finally, SL 902 is a leaky temperature-sensitive 
phosphoglucose isomeraseless (pgi) mutant (3), 
unable to synthesize glucose for LPS synthesis. 
When grown on complex media, it gets enough 
glucose from the medium to build up a nearly 
normal LPS; however, under these conditions it 
still gives only minute plaques with the phage 
P22. That the reduced plaque size is connected 
with the pgi mutation was made likely by the 
following experiment: SL 902 as recipient was 
crossed with smooth donor bacteria, and recom- 
binants that had received the donor metA+ allele 
(concerned with methionine biosynthesis) were 
selected. Because pgi is known to be closely 
linked with met A (3), most of these recombinants 
had now the pgi+ allele of the donor and gave 
normal size plaques with P22. All the reactions of 
SL 902 (grown in complex media with 1% 
glucose) given in Table 1 are smooth, except that 
it adsorbed P22 at a somewhat lower rate (ARC 
138) and that FO adsorption (ARC 14) had 
become demonstrable. 

The next three strains in Table 1 are SR, defec- 
tive in repeating unit polymerase and therefore 
having O chains with only one repeating unit. 
They were very similar. The agglutination pattern 
was typical SR, with a barely observable granular 
agglutination in 4% saline. They adsorbed anti- 
4,12 antibodies much less efficiently than do S 
strains. They were sensitive to the phage FO only 
and adsorbed this phage with an ARC of 111 to 
280. SH 1493 adsorbed the R phage Br2 also. The 
phage adsorption pattern of SL 901 was different 
from the other two. It adsorbed both P22 and 
R-specific phages to some extent, but its im- 
mediate derivative, SH 1493, did not show these 
reactions. The most likely explanation may be 
that the P22 adsorption was due to rfc+ revertants 
or contaminants in the batch, although the 
control sample tested appeared homogeneous. 
The adsorption of 6SR and Br2 by SL 901 cannot 
be explained at present. In the phage sensitivity 
test, SL 901 showed the typical SR behavior. 

The third group of bacterial strains have muta- 
tions mapping as rfb. All these mutants have the 
normal LPS core and were sensitive to the R- 
specific and FO phages whose receptors appear 
to be in the core. All the strains in this group 
adsorbed FO and R-specific phages with high 
rate constants. An exception is strain SH 1003, in 
which the defect appears to be very leaky: this 
strain was still sensitive to 9NA (P22 could not be 
tested because the strain is P22 lysogenic), and 
not sensitive to 6SR. It adsorbed P22 at a low rate 
(ARC 9), 6SR not at all, and Br2 at a lower rate 
than the other rfb mutants. The typical rfb 
mutants tested agglutinated in saline, anti-R, and 
also in anti-4,12 serum. The agglutination in the 



Vol. 



1, 1970 



PHAGE ATTACHMENT TO O ANTIGEN 



91 



Jj 

IS 

fi 


P221 sensitive, very leaky rfc? d 
P22 lysogenic. Adsorption batch = 

many R mutants 
Phosphoglucose isomeraseless on 

complex medium (3) 


rfc, not transduced by P22 (4) 

Derivative of SL 901 

rfc (?), transduced by P22 (4) 


P22 lysogenic sister clone of the 

smooth SH 1002 
Similar to "rouB, culturally S" 

(4, 25) 

(23) 

Derivative of TV 119 (23) 
rfb deletion A/j-658 (16) (ob- 
tained from H. Nikaido) 


(26) 

Semirough class D-ii (4) 




•a a 

S-* 


+ ++ + 
+ ++ + 
+ ++ + 


+ + 


X t 


+ 1 


+ + 
+ + 




e 


+ + + + + 
+ + + + + 
+ + + + + 


+ + + 
+ + + 


+ + 
+ + 


+ + + + 
++++ 


+ + 
+ + 


I 


So* 


I 1 1 1 1 


+ + + 


i + 


+ + + + 

++++ 


J + 






1 1 1 1 1 


+ + + 




+ + + + 
++++ 




S 


II 






© 


1 2 "i "i 




1i 




VVV N V 


8= v 


8 |5 


i§§£ 


§V 


I 




V V V V V 


- v V 




sss 


V V 


g 






3 £ 




V V 






1346 

218 
129 

138 


a™ 

V V 


OS >Q 


V" V 






1 




1 1 1 


+ + 


+ + + + 


+ + 




2 


MM , 




+ + 


+ + + + 


+ + 


1 




1 1 1 1 1 


1 1 1 


1 + 


+ + + + 


+ 1 


8 

I 


2 


+ + + + + 


+++ 


+ + 


+ + + + 




1 


+ + + + + 




+ t 
1 


-L i i -L 
V 7* 






s 


+ + + 1 + 




, + 










SL 683 
iSH 1430 
'SL 749 
]SH 1002 

SL 902' 


SL 901 
SH 1493 
SL 1506 


SH 1003 
SL 1112 


'SL 1153 
ITV 119 
SH 1432 
SH 180 


fSL 733 
[SL 1111 










! 

oi 


1 


J 



1*1 
|i 

£e « 

& h 8 



si*. II i H 

1 1 1 l| 



i.S3 



-11 Hill:: 

f !£!?!<S!'§'! 



92 



LINDBERG, SARVAS, AND MAKELA 



Infec. Immun. 



last serum was probably due to anti-R antibodies. 
Many of the mutants have some O-specific struc- 
tures, as demonstrated by their capacity to adsorb 
anti-4,12 antibodies and in many cases by the 
presence of O-specific sugars in the LPS (7) . SH 
180, which is the strain A«-658 described by 
Nikaido et al. (16), has a long chromosomal 
deletion covering both parts of the histidine 
operon and the rfb cluster. It should, therefore, be 
totally devoid of rfb activity and serve as a 
definite nonleaky mutant in this group. No O 
specificity could be detected either from its 
absorption behavior towards anti-4,12 sera or in 
the analysis for O-specific sugars in the LPS. 

Two of the rfb mutants (SL 1112, SH 1003) had 
distinctly leaky mutations. SL 1112 is one of the 
"rouB, culturally S" class, isolated by Wilkinson 
(Ph.D. Thesis, University of London, 1966) and 
described also by Gemski and Stocker (4) ; it did 
not agglutinate in saline but was agglutinated in 
anti-R and anti-4,12 sera, giving large, nearly 
S-like clumps in the latter. Its LPS had an average 
of 0.5 repeating units per core stub. The phage 
sensitivity was typical of rfb mutants; however, 
when the phages were applied in soft agar layer, 
P22 and 9NA gave small and very turbid plaques, 
indicating that they were adsorbed poorly or per- 
haps to only a fraction of the bacteria. The ARC 
for phage P22 was found to be 0.9 when the num- 
ber of phage-infected bacteria were counted in- 
stead of the number of phages in the supernatant 
fluid. The strain SH 1003 was much more leaky 
than SL 1112. It was serologically nearly indis- 
tinguishable from S strains (it was agglutinated 
to a slightly higher titer by anti-4,12 sera than 
was its parent SH 1002), it had an average of 2 
repeating units per core stub just like its smooth 
sister clone, SH 1002, but it was sensitive to both 
S- and R-specific phages as described above. Why 
SH 1003 and SH 1002 have the same content of 
O-specific sugars, but differ in phage sensitivity 
and adsorption can only be guessed at. The cause 
of this apparent anomaly may be a difference in 
the LPS structure in the two strains: SH 1003, for 
example, might have a reduced number of O side 
chains of "normal" length, whereas SH 1002 had 
a normal or elevated number of shortened side 
chains. 

The four nonleaky rfb mutants did not show 
any P22 or 9NA plaques even in soft agar layer. 
The phage adsorption measurements did not 
show a deviation from the rfb pattern; neither did 
measurement of phage-infected bacteria reveal 
any attachment. (It is probable that the slight 
P22 adsorption by TV119 was due to few smooth 
back mutants in the batch.) 

The fourth group of strains in Table 1 consists 
of two core {rfa) mutants, both of which have 
leaky defects. They had a strong O-specificity in 



the serum adsorption test and O-specific sugars 
in their LPS. SL 733, which is strain St/22 of 
Yamamoto and Anderson (26), is resistant to 
P22 but sensitive to a P22 variant P22h (14, 28) 
as well as to R phages. In this assay it showed 
some adsorption of P22, which could be related 
to the P22h sensitivity and indicate the presence 
of some phage receptors or could also be due to 
revertants in the batch. SL 1111, a strain isolated 
by Wilkinson (Ph.D. Thesis, Univ. of London, 
London, England, 1966) and inferred to be a 
leaky rfa mutant because of its phage sensitivity 
pattern, gave very turbid small plaques with P22 
and 9NA in soft agar layer but showed no FO 
sensitivity by any method. No P22 phage adsorp- 
tion was detected, although the LPS content of 
O-specific sugars was as high as the equivalent of 
2 repeating units per core stub. However, it is 
possible that the LPS preparation of this strain 
was contaminated with traces of the O-specific 
hapten (2), and, thus, the true content of O- 
specific sugars in the LPS was less than that 
recorded. 

To summarize the results of Table 1, the differ- 
ent S, rfc, rfb, and rfa strains have their character- 
istic patterns, when the behavior in all the test 
systems is taken into account. R mutants which 
are only slightly leaky or not detectably leaky 
(as SL1153 in Table 1), as judged by LPS content 
of O-specific sugars, showed O-specificity towards 
antiserum. A higher degree of leakiness is re- 
quired before adsorption of O-specific phages can 
be recognized. On the other hand, even slightly 
impaired synthesis of the O-antigenic side chains 
increased the ability of the strain to adsorb the 
phages that attach to the core. 

The results of similar tests on various strains 
with and without Tl side chains are compiled in 
Table 2. The parental Tl strain is the original 
Salmonella paratyphi B Tl (8). It lacks O speci- 
ficity, due to a rfb mutation (20); the presence of 
Tl specific groups in LPS is determined by gene(s) 
at a separate rft locus (18). It is possible to 
produce strains with both Tl and O specificities 
through a conjugational cross by introducing the 
rft + allele from the donor derivative of the Tl 
parent into S or SR recipient strains (18). The 
resulting hybrids with both O and Tl side chains 
are described as S, Tl or SR, Tl, respectively. 
When the rft+ allele was introduced into any 
rfb mutant, the hybrid had only Tl specificity. 

The hybrid strains obtained when the Tl donor 
parent was crossed with S, or with SR, or with R- 
recipient bacteria are compared in Table 2. From 
each cross, a pair of recombinants was selected 
one with and the other without the rft+ allele, but 
otherwise as similar as possible. Sometimes the 
recipient parent was tested as well. 
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The Salmonella paratyphi B Tl donor (SH 
1308) gave, to a large extent, the typical rfb 
behavior familiar from the rfb Salmonella 
typhimurium mutants in Table 1; however, the 
ARC of Br2 was low. There was no O specificity 
detectable either in the LPS composition or in 
serum adsorption. The amounts of the Tl sugars 
ribose and galactose were equivalent to 10 mono- 
saccharides of each per core stub. Several Tl _ 
(and therefore R) derivatives of SH 1308 were 
tested for comparison, i.e., strains SH 1310 to 
SH 1314 in Table 2. Their phage adsorption was 
typical of rfb mutants, even for Br2. 

Tl strains are known to be genetically un- 
stable; in our experience, fresh cultures segregate 
Tl - mutants so that overnight cultures contain 
about 1% and older culture many more Tl - 
forms. Therefore, we planned to test the purity of 
the batches grown for LPS isolation or phage 
adsorption very carefully. However, the 1- to 3- 
week period between the batch culture and its 
testing turned out to be too long, so that in many 
cases the proportion of Tl - colonies found was 
very high, higher than was possible as judged from 
the chemical analysis of the LPS. 

There are three sets of rft + and rftr pairs in 
smooth strains (Table 2). Two of them are 
Salmonella typhimurium LT2 and, therefore, 
directly comparable with the strains in Table 1. 
One is S. abony (also with the O-antigenic 
formula 4, 12), which adsorbed P22 at a lower 
rate than did the LT2 strains. In all three sets, 
when the rft+ allele was introduced, the ability of 
the smooth strain to adsorb phage P22 was 
much reduced. Some receptors were still available 
to the phage since the rft + strains were sensitive 
to P22 in spot assay. At the same time, the rate of 
adsorption of FO was much increased, although 
still remaining lower than in rfb, Tl strains. In 
each case, the amount of O-specific sugars per 
core stub was decreased. The number of Tl- 
specific structures within the rft + organisms listed 
in Table 2 are very variable, perhaps in keeping 
with the instability of the T1+ state. Yet, the S, 
Tl strains did not seem to have any less Tl- 
specific sugars than did the Tl (rfb) strains, 
either in 5. paratyphi B or in LT2 (see Table 2). 

The next series of strains represents a combina- 
tion of SR (rfc) with Tl. Here the rfir, rfr 
parent is the strain SL 901, which was discussed 
in connection with Table 1 and which showed 
some adsorption of both P22 and R-specific 
phages, whereas the presumably similar (i.e., 
rfc~, rfr) recombinant SH 1493 did not adsorb 
P22. The rfc~, rft+ recombinant SH 1490, like 
SL 901, adsorbed both P22 and R-specific phages. 
The LPS composition and the control from both 
the adsorption and the LPS batches behaved as 



expected of this genotype, and the phage sensitiv- 
ity was typical of rfc. It is not known why the 
rfc- strains SL 901 and SH 1490 showed this 
adsorption pattern, especially how they could 
adsorb P22 although they were not sensitive to 
infection by it even when tested in the soft agar 
layer. The combination of rft + with rfc requires a 
more thorough analysis. It seems safe to con- 
clude, however, that the presence in the LPS of 
the equivalent of 5 "units" (for this purpose 
denned asribosyl-galactose) of Tl -specific material 
per core stub did not decrease the amount of 
O-specific sugars (1 unit per core stub) in this 
SR strain. Neither did the fact that in the rfc 
strain the core stubs were — as is inferred — nearly 
fully capped by the O chains (14) decrease the 
amount of Tl-specific sugars. The last recombi- 
nant in this set, SH 1483, had its rfc gene replaced 
by its smooth allele, resulting in the genotype 
rfc+, rft+, serologically S, Tl. The content of O- 
and Tl-specific sugars in the LPS was similar to 
other S, Tl strains and so was the behavior 
towards phage. 

Data in Table 2 represent rfb mutants with or 
without Tl (therefore either Tl or R). The phage 
adsorption pattern was typical of rfb mutants in 
each case. No decrease in ARC for Br2 was 
observable in the Tl strains in this case; we do 
not know why these strains differed from the S, 
paratyphi B strains in this respect, but a possible 
explanation could be the frequency of Tl" 
revertants. 

DISCUSSION 

The main results of this work have been com- 
piled in Fig. 2, which shows the relationship 
between the LPS structure and the behavior of the 
bacteria towards anti-O serum and the different 
phages. This figure is necessarily very schematic 
involving too many unknowns. We do not know 
the spatial arrangement of the LPS layer on the 
bacterial surface or the exact structures of the 
phage receptors. 

In the electron micrographs of Shands (21, 22), 
the O antigen was visualized by ferritin-con- 
jugated anti-O antibody: in S. typhimurium the 
antibody stain was visible as a layer extending 
about 50 nm outside the bacterial cell wall or 
sticking out the same length from aggregated 
LPS. On the other hand, the average O side chain 
of S. typhimurium was estimated to contain 8 to 
11 repeating units (5, 6) which would correspond 
to about 10 nm in length. However, it is possible 
that this value could represent an average of very 
unequal lengths. In Fig. 2, we have drawn the O 
antigen as a layer of 50 nm to conform to the 
electron micrograph picture. 
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Fig. 2. Diagram relating the LPS structure with 
observed serological specificity and phage adsorption 
ability. O side chain (jagged lines) attached to the core, 
as in S; Tl side chain (wavy lines) attached to the core, 
as in Tl; single O repeating unit (short, straight lines) 
attached to the core, as in SR. Note 1, -,+,++> and 
+ + + represent arbitrary gradations of the ability 
of the bacteria to absorb specific antibody or to attach 
phages. Note 2, adsorption efficiency increasing with 
increasing amounts of O-specific material. Note 3, 
adsorption efficiency increasing with increasing expo- 
sure of core structures. 

The shapes and sizes of the phages are better 
known: P22 has a head of 60 nm and a short tail 
of 17.5 nm with short tail fibers (24); FO has a 
very long tail of about 150 nm with long tail 
fibers (11), whereas 6SR is a small phage with a 
diameter of about 30 nm and no distinct tail (10). 
Br2 is not included in the picture, but preliminary 
electron microscope studies indicated that it is 
rather similar to 6SR (unpublished data). 

The receptor structures for all these phages are 
found in the bacterial LPS (12). The FO bacterio- 
phage requires the complete core with its terminal 
AT-acetylglucosamine for attachment (11, 12, 13, 
25). This glucosamine probably forms a branch 
from the main chain of the core, to which the O 
and Tl side chains are attached (15; see also 
Fig. 1). The phages 6SR and Br2 can attach to a 
core structure which may not be complete (12, 
25; Wilkinson, Ph.D. Thesis, Univ. of London, 
London, England, 1966). P22 is strict in its re- 
quirement for O side chains with the antigen 12 
(28). SR forms which contain only one repeating 
unit are resistant to P22 (4, 14), which might 
indicate that the critical site for attachment is the 
junction between successive repeating units, or 
that the site is larger than one repeating unit. 
Most leaky R mutants adsorb P22 poorly or not 
at all, and the adsorption is directly correlated 
with the amount of O-specific material (equal to 
the number of O side chains) present (Fig. 2). 



Many of those mutants which adsorb P22 to 
some extent can be transduced with it (4). Some 
leaky R mutants allow the formation of plaques 
by P22, although the plaques are small and very 
turbid (e.g., SL 1112, Table 1). It appears that 
for rapid adsorption phage P22 requires a nearly 
complete S LPS with long side chains sufficiently 
close to each other. The above information sug- 
gests that attachment involves multiple sites on 
many side chains. 

Serological O reactivity. The comparison of the 
different S and leaky R strains showed that 
smooth O reactivity could be detected even when 
the LPS synthesis was impaired to a large extent. 
Apparently only a few O-specific groups per cell 
were enough to fix antibodies from the sera and 
cause both specific agglutination and antibody 
absorption. For example, SL 1153 (Table 1) 
absorbs anti-O quite well, although no O-specific 
sugars were detected chemically. In fact most R 
mutants which have been tested show O reactivity 
in the absorption assay. The specificity of this 
absorption appears to be proven by the fact that 
the rfb deletion mutant SH 180 showed no 
absorption. However, the antibody absorption 
assay could not easily detect differences in the 
quantity of O-specific structures. 

The SR strains with about 10% of the normal 
amount of O-specific sugars absorbed antibody 
less efficiently than leaky R mutants with smaller 
amounts of the sugars. This difference suggests 
that the O repeating units in these two types of 
mutants were arranged differently. Since the SR 
mutants have only one repeating unit per side 
chain (17), the leaky R mutants may have longer 
but fewer O side chains. 

FO and R-specific phages. Sensitivity to R- 
specific phages or increased attachment of phage 
FO, or both, proved to be sensitive indicators for 
a defect in LPS synthesis (Fig. 2). Well developed 
O side chains of the S form apparently prevent the 
access of the phages to their receptor sites on the 
core, probably through steric hindrance. The 
long-tailed phage FO was not affected as much 
as were the others; although the ARC for FO in 
S forms, as measured here, was too low to be 
detected most S forms are usually sensitive to 
FO. A good exception is a S. montevideo (O 
antigens 6 and 7) strain, which had a low sen- 
sitivity to FO, giving very turbid plaques. 
Because all rfb mutants of this strain were fully 
sensitive to the phage, with clear plaques, it was 
believed that the poor sensitivity of the S form in 
this case was due to a more efficient covering of 
the core by the O side chains than occurred in 
most Salmonella strains. The reduction in the 
length of O side chains seen in SR forms in- 
creased the absorption of FO to nearly full 
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efficiency. The SR forms probably have their core 
stubs "capped" by an O-specific unit more 
completely than do S forms: there was no sero- 
logical R reactivity, which would mean a reaction 
of the core structures, detectable either by com- 
plement fixation (14) or hemagglutination inhibi- 
tion in the SR lipopolysaccharide, whereas R 
reactivity was often found in LPS from S strains 
(O. Luderitz, personal communication). 

The amount of O-specific sugars in the SR 
lipopolysaccharide corresponded to one repeating 
unit per two heptoses (one core stub). The analyt- 
ical procedures can measure the sugar com- 
ponents to within an accuracy of ± 3%; within 
this limit, all core stubs are probably capped by 
repeating units, since no O side chains contained 
more than 1 repeating unit. We would expect the 
SR strains to be resistant to FO if the attachment 
of an O unit blocked the receptor site for FO, but 
they were in fact sensitive and showed high ARC 
values. 

The adsorption of the R-specific phages 6SR 
and Br2 increased more slowly than that of FO 
with decreasing amounts of O-specific material. 
Whereas mutants with a very leaky defect, allow- 
ing the production of substantial amounts of O 
side chains (e.g., SH 1003, Table 1), adsorbed FO 
efficiently, the adsorption of 6SR and Br2 was 
poor or nondetectable. These phages also seem to 
be inhibited by the short O side chains of the SR 
forms. 

The FO and 6SR phages attach to Tl bacteria 
as they do to the rfb strains. Br2 seems to be in- 
hibited by Tl to some extent: its ARC to the Tl 
form of 5. paratyphi B is 10% of that to the 
isogenic R forms (Table 2), although no difference 
is seen in the Tl and R strains of S. typhimurium. 
The S ,T1 strains adsorb all these phages less than 
the Tl or R strains and even less than the very 
leaky R mutant SH 1003, which contains as 
much O-specific sugars in its LPS as S ,T1. These 
results imply that the Tl side chains alone are 
not sufficient to cause steric hindrance of the core 
receptor sites (except perhaps to Br2), but, 
together with O side chains, there was significant 
hindrance. The lack of steric hindrance of the 
Tl chains may be related to the following facts. 
The amount of monosaccharides present in Tl 
chains is about 50% of that present in O chains. 
There is also a qualitative difference in the mono- 
saccharide constituents; the O side chain contains 
the less hydrophilic deoxy- and dideoxyhexoses, 
rhamnose and abequose. There could be a differ- 
ence in the arrangement of the side chains in the 
LPS: Tl side chains might be considerably 
longer and consequently fewer than are O side 
chains. This situation is suggested by the fact 
that, although the O and Tl side chains probably 



are attached to the same terminal glucose of the 
core (15; M. Berst, personal communication), the 
SR, Tl strains, which like SR forms have their 
core stubs nearly completely capped by O units, 
still have the same amount of Tl material as Tl 
forms and the same amount of O units as the SR 
strains. 

Tl and O side chains in the same organism. The 

quantitative data on the sugar composition of 
the LPS from the four S,T1 strains (Table 2) 
provide the first proof of a competition between 
Tl and O side chains, a competition that has been 
suggested on the basis of the serological behavior 
of these hybrid strains (18). In three of the four 
S ,T1 strains, the amount of O-specific sugars was 
reduced from 7 to 10 repeating units per core 
stub (as observed in the S forms in this study) to 
about 1 repeating unit per core stub, whereas the 
amount of ribose was the same as in Tl forms. 
An apparent exception is SH 1413 with more O- 
specific than Tl-specific units. Because the batch 
used for LPS extraction in this strain contained 
many Tl~ mutants (which were S), it is probable 
that they account for the high amount of O-spe- 
cific sugars. The few O units are probably ar- 
ranged as few long O side chains, since their 
phage adsorption properties are different from 
SR or SR, Tl forms that have numerous but 
short side chains. 

At which stage does the competition take 
place? The first guess would be that it is a com- 
petition for available attachment sites in the core. 
We believe that the behavior of the SR, Tl form 
makes this possibility unlikely. This strain (SH 
1490, Table 2) has as much O-specific material 
as do SR forms and, therefore, probably has its 
core stubs nearly completely capped by the O 
units (see above), yet has as much Tl material 
as do Tl forms. We hope that the studies on the 
biosynthesis of the Tl antigen now in progress 
help to clarify this question. 
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